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CONTROL SYSTEM/TILTROTOR UAV/ADAPTIVE CONTROL/MODELING/

SYSTEM IDENTIFICATION

Tiltrotor UAV is an aircraft which takeoffs and lands vertically like helicopter
and then flies forward with high speed like fixed wing airplane. This process called
Transition flight mode. The Transition flight mode is performed by tilting its rotor
from vertical to horizontal and vice versa: This is the most significant flight phase to be
considered due to the dynamic varying of tiltrotor UAV throughout transition period.
This research is focusing on the determination of mathematic models which represents
dynamic behaviors of tiltrotor UAV. Model accuracy was validated with actual
flight test data using MATLAB Simulink software. Then these dynamic models were
used to design flight control law, Model Reference Adaptive Control (MRAC) with
Proportional-Integral-Derivative (PID) control scheme. MRAC was applied to control
roll rate and pitch rate of tilttotor WAV - This controller.adapted control gains to force
dynamic responses of tiltrotor UAV converging to reference model responses.
This model responses are desired dynamic behaviors. In result of these simulations,
those conducted on MATLAB Simulink software, showed that tiltrotor UAV could

stabilize itself while controlled using MRAC control law.
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Tuin longitudinal HAZEAUNITNINDINMANAAAAT (Aerodynamic) TUMITHILVUTIADIN
Adlamans
2.3.2 AUMINMSIAADUN (Equation of motion)
1. S2UUNNALAY (Axes system)
Sq v o a ¢ ]
2. szvuunuilFlumsrinuuiiaeanendiagidnives TRUAV g 19

A . 4 1 3 YA Yo A 1 A A
5211 Earth axes H30 Inertia axes 30gudna1og & yalan landdunangaiialunaeunld

=

AUATIAADUNVDUATDITY M. E. Dreier, (2007) D5z uuunun 14 1unsmiuuuiiaoanig
a 4 g X 4 ] ° ' gl .
ABlAFNEATHIAD 531U Body axes TI9AFUINANATION Bl AILNUIYAFUINI (Center of gravity)

A v g .
1) szuuNnaununy lan (Earth axis)
a o g é =) =S 1 1 9 a d' .
FTUUNAALAUNY AN F58nDNE19I1 “NTOU19DURBY (Inertial

a g o a . . a o g
frame)” ‘Vidi@ “ﬂii’]‘]JéjNi’N‘WUTaﬂ (Global frame)” ANUUA (Origin) VoIsTUUNNALAUNY Tan
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2 Yo ' o ' 3 ¥ ~ = A A A
C]f\j@ Qlﬂﬂlg‘hu@\‘lﬂgﬂg il @l'lllﬁu\jﬁlﬂﬂllﬂ GUﬂlwEJQVIJJNfnﬁlﬂaﬂuﬂﬁaﬂﬂﬂ']ﬁW%'lﬁm']ﬁzU‘U
v

a an dy dy S A a [
HUU 9 Taanania 3 mmmazuumzﬂﬂmmﬂmua (North, N) neaigyuoan (East, E) oy

Y ' Y
%2984 (Down, D) tarwe asnuaaslugiaelail

Fort Worth, Tx // / \\
/[ TN
777 TN
AN  HERNAN

li' a o Li’ .
319 2.9 szvunnaunuiu Tan (M. E. Dreier, 2007)

2) FTUUNNALAUAIAI (Body axis)
Aa o 0o v & a o d‘d o a ] g
szvviinaunuafuuszuuNnaununlganuinognyagudnlg

=2 1

, & O P S
(Center of gravity, CG) U849101/811 F91UszUUUIN0IAT 09U UIAoUN WAANATIDE
- A

o A [ A a o Y 19k =K A a
Egﬂmmmzmaauﬂﬂﬂmﬂs@wu ‘I/IflﬁulugﬁﬂﬂQfﬂi‘l’il‘luiﬂﬂl!ﬂuﬂ]@ﬁlﬂi@ﬁﬂumﬂ

[

A a = Y o < = Y 9 a 1 1o & = A
HINATDIVUDYY HAUNANITIDYINIY (Tﬂ81%’?1%1]@@11!’31111]ﬂ?ﬂﬂﬂﬁﬁ”lilﬂﬂ@]”lﬁ 9 Tuaues

Lé (% 9 = 1 Aa o o (% dy
%QSUQﬂTSL@ﬂQEUfNiNﬂ”IEJ) UAU X UBY sz:uuwmunumm%ﬂﬂmmgﬂ (Nose) ¥4

1 9 2 Y
waetiu unu Y 9% lUnsilnun unu z aFasduan amdauasgae 1

Roll

XU, Uu
X

Lp.¢

31U 2.10 szUVNAAUNUEIAT (M. V. Cook, 2012)
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4
3. Yuoodaod (Euler angle)
7 A a s
uu@@maaitﬂuuumﬂﬂmﬂmiwuuiammu X, Y, Z Iﬂﬂuu@ﬁ]ﬂ!a@ﬁ
' 4 v ]
%zllﬁﬂﬂﬂ'J'liJL%fNGUfNLﬂ%@\‘]‘U1!3514'J'NWﬂﬂl!ﬂu'ﬁo“ﬂ'JLﬁﬂiJﬂUﬁ%UUWﬂﬂllﬂuﬁuIaﬂ "?QHQ’GE‘,’I

ﬁ’uﬁ'aguﬁ’mﬁﬂmnmiwuuﬁammu X (38121 “Y3 Roll (®)” YuoUAANINNITHYUTOY
UAUY (387971 “yU Pitch (0)” HAZYNBUNAINNITHYUITOUUAY Z (3801 “YU Yaw (y )7
(M. V. Cook, 2012)
4. wnsngmsuilas (Transformation matrix)
w3 ndnsudaslFlunsulasnnmefuuszuuiisaunuiulan

I a o o w o a o o o [ <
Lﬂu§$UUWﬂﬂllﬂua1@3 Lmzalu‘mqmﬂﬂuﬁﬁjmmmz"uuwﬂmmummaﬂamﬂuizuu

¥
A

a o 1 < [ A a 4 o [ d' d‘
wiaununwulan Tagvzuuailu 2 Uszanvan q Ao wnsnsmsudasdmsumsiaoun
a 4 o Y]
(Translational transformation matrix) (1% wnsngnisudasdiv TUMTHYUTDULUILNU
4 <
(Rotational transformation matrix) (M. V. Cook, 2012) @15 199 EAILINABDTUBIAIINT I U
k4 Y ] 1
SEUUTTUUNNALN LAY Tanuaz T2 UUNNAUAUEIN ‘1/1ﬂuumgﬁauwuaﬂuummwyu
a o 4 ~
1) unsg agmsulaslumsi@onn (Translational transformation matrix)
a 4 < ] J v < g’u [
mwngngmsulasezituedluglenduvesndnuGane 3 ununy

@

4 a o dy U a o
HUDDYLADT (R. C. Nelson, 1998) WNsnEMsUasnnszuy ﬂllﬂuwuiaﬂhlﬂQ§$1J‘UWﬂﬂ

W
o w A o o w o 1 A o X I 1% A
UNUATND Llﬁ$§$UUWﬂﬂllﬂuﬁ'W]'Jﬂaﬂllﬂi;fﬁg‘]JUWﬂﬂLLﬂuWHIﬁﬂ Wuaegun1sn 2.1 uag

aunsi 2.2 auaa

u CoCy CoCy —S,
v | = Smsecw —CoSy SaSeSy +C9CW S0y 2.1
W CopSeCy +S(DSW CoSeSy T8aCy ©CoCy
Vv u

! T
Vo | = (TBE) \% (2.2)
Vd W

Tag S, M3 A1 sine ¥09 O luvazi C, ¥u19d A1 cosine V09 O

A a2 4 ~
iag Ty ND WNTNFMIULannaunNIsn 2.1
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a o
4) Lumﬂcﬁmmﬂaﬂumﬁwuuiammuﬂu (Rotational transformation matrix)
a 4 a3 ] J o I~ a g}z [
wn3ngmsulateziuegluglansuven1uF uFIYUNI 3 1AUN
4 a o A o ¥ 1 A o o w A o
yweouans wWnsnamsulasnnszuunnaunuiuTan llgszuuinaunudiaa tazszuung

o w o J A o & < @ ~ A o
Lmuammaﬂﬂqwmmﬂmmu‘wuTaﬂ AUAEUMSN 2.3 Lagaumsn 2.4 MUy

p 1 0 —sin® o

q| =0 cos® sin®cosd || 6 (2.3)
r 0 —sin® cos®cosO || ¥

o 1 sin®tan0 cos®tan O p

0 |=]|0 cos D —sin®cosO || q 2.4)
¥ 0 sin®/cos®  cosD/cosO r

5. aumsusaae Tuuud (Forces and moments equation)
910 R. C. Nelson (1998), V. Klein and E. A (2006) aumsusanaz Tuud

F2
angYe 2 veatiadu Husise il

d
F= — .
i@ (mV) (2.5)
d
M= —(IM) (2.6)
dt

4 4 g N vy a 4 ,
AUNITN 2.5 LASTAUNITN 2.6 Lﬂuaumi‘ﬂaguuﬂiaumdmmaﬂ (Inertial

Y
a Y o

F4 I
frame) W%@i%UUWﬂ@L!ﬂuﬁuIaﬂ ANTDIUSHANY ) ﬂwmm%wuuuﬂﬂmmimuuiwu

U

[

a o dy 1 4 A = ~ a o o w ~
NNALNURATA u@ﬂmﬂuﬂﬂmuu@mmm@ﬂ THAIAINUUITEUUNDALUNUIIN Glu"umz‘w

a o dy ' 4 A < Jd v J aa
uuiwuwﬂmmuwuiaﬂﬂﬂmnu@mmmammﬂuﬁeﬂ%ummnm uﬂuaﬂmnuﬂﬁlu 3ua

Y
d v A

annsoeulugveuunIngaail (V. Klein and E. A, 2006)



FX
F=|F
y
FZ
V=|v
MX
M=|M
y
MZ
I | —I
X Xy XZ
I = —1 | —I
yx y yz
—I —I |
ZX zy z
p
W=|q
r

16

2.7

(2.8)

(2.9)

(2.10)

(2.11)

4 a 4 A I @ [ <3 {
ilosnnauualfinseeduiludaguiiands (Rigid body) Nauuas luiun

52111 XZ 22 14

v Y
a2 ldumsngananmsi 2.10 Tniaeae 11

(2.12)
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I 0 =1
I= 0 Iy 0 (2.13)
—IZX 0 IZ
pr—lxzr
10 = Iyq (2.14)
—Ixzp+IZr

A Y A A Aa o dy I A o
LwallﬂaQslwallﬂ’lﬁﬂ'lﬁlﬂa@uwFﬂ’]ﬂﬁgUUWﬂﬂL!ﬂuWUIaﬂLﬂu53UUWﬂﬂ

LA
F =mV+®XmV (2.15)
M=I0+®OXI®O (2.16)
v Idaumsusaly 3 Balvnudluy
FX =m(i +qw —rv) 2.17)
Fy =m{ +rm —pw) (2.18)
FZ =m(w +pv —qu) (2.19)
s sy 3 Talwidudail
M, =pl —il +ar(l,—1 )—qpl , (2.20)

. _ 2 2
MX —qu+pr(Ix IZ)+(p r )IXZ 2.21)
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M =il —pl_+ pq(Iy -1 )+quXZ (2.22)

9 [ { o w Z 14
ﬁ"lﬂﬁﬂllﬁ\‘lﬁﬂ5$W1ﬂU@1ﬂ1ﬁ81uuuﬂﬁ$ﬂ’é]‘]Julﬂﬁ?ﬂl!ﬁﬂﬂWﬂ@WﬂWﬁWﬁﬁ'lﬁﬂﬁ

Y 1 o o A A J 1 s Y s
LLNT‘HM’O’N LUAZULINIINISUUVUAUNIDIATDIYURA ’GT’J‘L!IllLZJHG]ﬂi%ﬂﬂiJllﬂﬂ”JfJIZJLZJUG]mﬂ

[

4 v W 1 1 o 1 1 3‘/
DINIANAAITAT LATITSUVVUAU L!iﬂiﬁllﬂ']\ﬁ]gW'IL!LL‘L!’J"’IJ@Qﬁ'lllﬂuﬂﬂﬂﬁuﬂﬂjﬂ JUU

Y

[

so A Y < 7 P A A ¢
TmuumummmﬂuﬂTuumwmmmﬁmmﬂug{uﬂ ﬂzllﬂaumﬁmimaauwslwmm
F +F +F, =mV+® XmV (2.23)

M, =IO+OXI® (2.24)

233 usaluNaN (Gravitational force)

[

9 1 =\ g’.: an d @ %} Y A a [ 14 dy
LL‘i\‘lIHiJi‘I'NlIﬁiJﬂﬁTI\? RV Glu:.'iﬂﬁﬁﬂ%umﬂﬂu’lﬁuﬂlﬂi@ﬁﬂuﬂﬂyll'é)f)fll,a’f]i NU

g, —gsin0 —mgsin O
F,=mlg |=m gsin®cosO | = | mgsin®cosO (2.25)
g, gcosDcosO mg cos D cos O

234  USIVUAU (Propulsion force)

T
FE =|0 (2.26)
0

d
235 9IMANAATAI (Aerodynamic)
4
L. USANNOIMANAFAAAT (Aerodynamic forces)
LLEQ‘1/]1\161ﬂ”IﬁWaPﬁE‘T@]%ﬁﬂuiﬂaﬂlﬁ@ﬂﬂTﬂTﬂ@TﬂTﬂ‘ﬁll‘i’if‘]?h‘llﬂi%ﬁ”lﬁﬂ
@ [ A . 9 9
G]'Ji’]”lﬂ”lﬂfl”luuﬂﬂlﬂu 3 ']Jizlﬂ‘ﬂ AD 1153yn (Lift force), LINATU (Drag force) LA LTININUIY

(Side force) (J. D. Anderson Jr, 2010)
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- u339n (Lift Force)

A A A a Y @ 1 Y aa
IYN N9 L!.'i\WI“Wf:J.QLﬂ36\1Uu1ﬁa®8§]’36§1ﬂ1u61ﬂ1ﬁ UNANI
9 ! Y
AIINAVUUINIG L1ave9e1mAmd 11z n21n509DU (Free stream) n3sonaaulvaignad1etu

U NUATUN UK AL (Horizontal stabilizer) ﬂﬁﬂ%ﬁJMNﬂZﬂZﬂlﬂﬂ@ﬁiﬁMM (Angle of attack)

o =)

o é a 1 = (% ) Y d‘ a a dy 9}?:}/
HINIEINTTINALIISINIFUIAYINU mﬁ%x‘ﬂ1“lmﬂﬁmuuuumu"lﬂ“lummﬁ‘lﬂuu LIy

A a

2 1 v 3 @ @ 4 a
If139 ‘Uuﬁ%}'l\‘lﬁuﬂ$S§I}ﬂ\‘lflﬂHJ1ﬂﬂ?'luWWuﬂﬁ'JiJGUfNWJLﬂ%@QUuL@Q

=D.

Platform Angle of Attack
! \4 Horizontal Plane
/I
L

517 2.11 yuilznzuounse9dY (Angle of attack) (MISB, 2014)

U

I v 1 B
aumsusseniludaae lai

L = qscL 2.27)
_ 1 2
q = 5pVa (2.28)

_ a, 8f . 66 . L d,_ N q, M,
C, =C  tC a+C/ 6f+CL 6€+2V (CL o+C/ q)+CL M (2.29)

a

- usadu (Drag force)
EY < A 9 A A ) v A A
31N LLiQﬁWUﬁ]glﬂULlix‘lﬂQWHﬂWﬁlﬂﬁf)u“l/lllﬂsll'l\‘lﬁiﬂsll@\uﬂﬁEN‘UU

I A a v 9 @ @ Y a Y [ <
AYITUNANWATINUVINN VLTIV (Thrust) Llﬁ\iﬂqua']inﬁﬂlﬂﬂulﬂﬂ']ﬂﬁaﬂlflﬁnﬁﬂulln'ﬁ]glﬂu
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5U319900AT0901104 (Parasite drag) UTIAMBUNAINUFIEN (Lift induced drag) W30 lunsdl
A A A o a Y <3 = Y v A A a A A o

1A309UUNTINITTUAIIANVIGIZID VL VUTIATUOUNADINATOITUIAADUNAIUA TN
= 9 S A v A A A A A a

1789 (Wave drag) USIAIUAZUNANWUVUIUNDAAN NN IMAAdoUNznziATosdUId N

Y
1N ﬁummﬂﬁ’m;ﬂuﬁ’wa‘lﬂﬁ

D = q8C (2.30)

2
(CL_CLO) 3 o o b
_ v f. e. a. . M,

CD —CDO+ AR +CD 8f+CD 56+CD 5a+CD 5r-|-CL M (2.31)

- USINNT4 (Side force)
9 A A [ A o 1 A a
HIINNT A ABLTIOULLDIINDINIANTZTIADIAT DITUIINN

amang Taeaau lvausamsinanannmalasumlasvesyuunay (Sideslip angle)

=

Il
|

-

X

U 2.12 yuunaw (Sideslip angle, B) (R. C. Nelson,1998)

Y

Y~ & o 2
usameTnataumaluasas lai

Y = G5C (2.32)
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b
— B . 5a . 8r . p. r,
Cy = CpiBHCyt 8, +C7 84 ~(Clop+C, ) (2.33)

o 4
2. TuuAN I IMANAA TR T (Aerodynamic moment)
do a p e
INLNUﬂﬂulﬂﬂﬂ1ﬂLLi\TVIN?ﬂﬂ']ﬁWﬁﬂ']ﬁﬂialuﬂﬂ 3 UNU ﬁf) Roll, Pitch ting
a o A
Yaw LUEANT1gaZIogand U

- Tuuuams Roll (Roll moment)

L = GSbC, (2.34)
BB 5 b :
c =clptc 5, +C '8r+E(Cr'p+Cl'r) (2.35)
- TuwudAms Pitch (Pitch moment)
M = GSeC_ (236)

S C < - v
C = cm0+cz-a+cif 8, +C ° -86+;(Cz-a+c;-q)+cm-M (2.37)

- Tumudms Yaw (Yaw moment)
N = gSbC_ (2.38)

b
— B. 6a . 6r . — (CP . r.,
C =C +Cp+C?-5,+C 8r+2v (C"p+C 1) (2.39)
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24 aM3AIVUAN (Control law)
241 Usziamanimsniugu
[ 14 ] 1 [
910 N. S. Nise (2020) ﬂ']ﬁﬂ')ﬂﬂllﬁﬂig'lﬁﬁWﬁ@]ﬁiﬂ@fﬂ\?fﬂ?U?Uﬂ'J‘Uf.lll']ﬂ‘]_l
a g g’/ 1 v 1 a o 1 I [ tg’
NUHEBIA ﬂﬂuqﬂﬂﬂllﬁﬁuﬂﬂ@uﬂﬁﬁﬂﬂnﬁ Iﬂﬂﬂﬁ%?ﬁﬂ@ﬂ'ﬁﬂ'}ﬂﬂulﬂuﬂﬂu
1. ﬂ1§ﬂ3ﬂﬂhi$ﬁﬂﬂ]ﬁ]ﬂtﬁa’s (Liquid-level control)
= a . a 4 a sol
- 300 UnouATAANIA: Ktesibios 13zAb 1WA

a

9
2. ﬂﬁﬂ’mﬂumwmu”laumazqmwﬂu

U

a J¢ J A o
- f.A.1681: Denis Papin ﬂizﬂ}@ﬂa’m‘iﬂﬂ

J a

a 4 ~ a 4
- A3AAANITIBN 17: Cornelis Drebbel 1/3zA¥FRUnIalnIUANU YLl
dwmsumsinly
I~
3. MIAIVYUAINGD
o I~ L v o o
- A.91.1745: Edmund Lee 1m3naunuanuEmnilsegnd lsnunaiua
a 4 ~ a 4 $ [
- ATAAAAITINN 18: James Watt U52AN§QNUOARUINIBITINIL
4 <3 4 [ g
(Flyball Speed Governor) INBAILANANINIETIVDUATOIINT 1011
Y
4. 1@DYTNINLAZNITUIAVIAYT (Stability and steering)
A J A ) P
- A.7.1868: James Clerk Maxwell AWM WINGINUNYLINUNLADITAIN
(Stability Criterion) A1M5UILVUOUAY 3 (Third order system)
a J a Y]
- .71.1877: Edward John Routh @MW UNA1UN19I¥1015 1uiave
v 9
“A treatise on the stability of a given state of motion” Fariian1v1alu
ﬁ@%ﬂﬁﬂﬂﬂﬁuiﬁlﬂﬁuiu%@ Routh-Hurwitz criterion for stability
- f.71.1892: Alexandr Michailovich Lyapunov AB8PAIUUDY Routh 1#
1A Y Aa a J A v 9
asovngusz v T uduluanetnusilSygyrenveun luide
“The general problem of stability of motion”
5. MINANIZUUMUANTUTIAAITIVN 19
a o d' @ o dy [ A A
- A3EANAITIEN 1900: MINAUITZVVTVIRLI0N IUlaveasesa
0o o = A o YA A =
ANUANTY B35z VUAIUQUNMNIN T TUIHEINIINNY BV

[

Nicholas Minorsky #4179 91iuvnnuludediniuguuuudadiu

U

v J v J
15 UB-DYWUT (Proportional-Integral-Derivative, PID)
a 4 { a o {
- daeasadnalssyn 1920-AUATAANAITIHN 1930: H. W. Bode 112
o a 4 a 1 %l
H. Nyquist W U105 UIUNITIATIZHUALIFIANUDUUUFIA Y

(Sinusoidal frequency analysis and design)
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- 91.71.1948: Walter R. Evans WAl U 1015 WAOATINVYOIAUNITTS U
floundu (Feedback system) F433niul1To119917131 Root Locus

- esasnaasTEil 1950: ngmisaruANLULYSUA 18 (Adaptive control)
Qﬂﬁ’wm%mﬁ@ﬂﬁ'uﬂgqfmii'nuzmmﬁamuammuﬁuﬂumﬁ
Tasgnih 119 TasamaaT eadiuau3aga X-15 (S. G. Anavatt,
2015; Z. T. Dydek, 2010)

[
=

- f.7.1960-1980: SEUVUAIUVAUUU UL NIEAUNGA (Optimal control)

o ]

nazszuuaIuauuuuliudaa ldagnidonaziiauiedianiteuing

(K. Ogata and Y. Yang, 2002)
- ALA.1980-1990: M3AuA13Ted sz uuatuAuyaiu YA sz uy
AIVANLUVAINY (Robust control) (K. Ogata and Y. Yang, 2002)
242 dszanvesngmsniugu

[

A Y @ [ ] [~ Y] dy
ngmMsnugulsnuuwsvareludvgiiuuuaiulsannvdn o asil

deling &

llability

S|

&>
Gy

319 2.13 M wvesszuuadugululaegiiu (Brian Douglas, 2018)

1. ﬂ"l'immmmms?mfgfu (Linear control)
9
N1IAIUANUULIFUFUNT0I58NDNUDDIT “NITAIUVANUVUAIAN

I { o @ a { ] 4
(Classical control)” 1Jun15ADAUATANITAUTZ UM FUFUD Tl silaenuaiuan
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. . . . I v td‘d o [ 9
(Linear time-invariant) taziluszuuaruguuuudoundunisiuiu 1 dygravnd uag
1 fy 11000 (Single input single output, SISO) NMFBONUVVTZVUAILANIN IFUUDTI0

a o d o 1 o 1 a 9 Y
nunalamaai uglveslansunisToulumsosniuy AregmsaruguuUUIFady Taun
o [ 1 Aa o 4 o 4
- ﬂ?ﬂ?‘UﬂNLLUUﬁﬂﬁju—ﬂiwu‘ﬁ—ﬂHW‘L!‘ﬁ (Proportional-Integral-
. . I @ a { [ a
Derivative, PID) 11 u@an2uautu1131a (Close loop control) i 1a5uauisunaz 19y
Aa A 1 [ H Y] 4 I % { [l
1FIRINTTURE NI HANeNge dwiloaw9n PID (Hudinuaui lidesnsanugndssves
) @ @ . = I @ Ay ¥ A =
HUUTIABINNNATANIND (Z. Liu et al, 2017) &9 PID aziiludaniuaui ldwadngalunsal
H 1 o a J [
nluunusrasanenaiamanivesszuuNIINadia (K. Ogata and Y. Yang, 2002) PID 92
WenewlSuaatoanaia (Error) 35HINMIABUANBIVI09A (Output) NUAIB19DINABINT

Y .
sz uunoUaUDY (Reference setpoint)

— P er(l) —

+ ;
—Setpoint Emor+ I Kffe(r)dr {Output—»
0

Y

L D K, d’j;) I

317 2.14 Tasaa519904 PID Controller

- ﬁ'ﬁﬂmﬂu%m%uuuwmuuawguﬁw (Lead-Lag compensator) 311

K. Ogata and Y. Yang (2002) ﬁammwmﬂfmmmg‘mmuazHuﬂu%’]uﬁammuﬁmﬁa

mM3d5ungAnssumsaeuauedlasn1sng Pole fU Zero tiin 1T usz 1y TAsn13214 Pole

IWiuszunazannudvesnisaeuauessan lufuadesamuesszuy Tuvasiinisaa
Zero vziiiuANuB lumMIaovaues uazmiuadosmnluvazRoddy

Gluﬁ’ammgmfm%mmmgnmmmzunﬁw&mﬂumﬁmwamm

A%y (Compensator) 2 AIADAIFALFOLUUYNUT (Lead compensator) 1AL AIFALT LI

1A (Lag compensator) TAgSIvasanuuyiezfivanuiinsaevanessn i

gz luvasidsamenuuyumuzidinanui lusadigauge udaannuda

Tumsaeuduesas (K. Ogata and Y. Yang, 2002)
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3. MIAIUANLULIATTIAUNY (Gain scheduling) A® 35N1TULNFIINTDU
. 3 ] <3 ] = Y] 1 < dy I a 9
(Flight envelope) 00N UFIUAN 9] a8 ) ¥ FINAIAYIFIN@AN o Bz unuuFadu
o Y 70 9 o a S Y .
mTdawnsalszgndlddnuaumstivunuBaduld (R. G. Hernandez-Garcia, 2015)
' . . < @ o '
4. Pole placement Wioisen “Eigenvalue assignment” 3] UAMNIVAUTY olviw
{ o o a 4 A A e o [
(Modern control) NN3zNVUUVUTIA0IMNAMAMAATHDVLIgla0 U IFUILININTINA
anyazianIe (Eigenvalue) 1l luszvuniuauuuudoundy (Feedback control) Taasi

. 3 K { 9 .
Eigenvalue 9 140g1UMIA0UAUBIUDITZUUNADING (Z. Liu et al, 2017)

_i
m.
m

g‘ﬂ‘ﬁ 2.15 1398519904 Pole placement (V. Nath and R. Mitra, 2014)

1 g a Y .
2. miﬂ’mﬂmmu“lmﬂqumu (Nonlinear control)
1 3 a 1 ~
nmsaruguuuy luiuFaduszansaarvgulugimsasuduosi
U a A < g 1A A
nheniuuudadu Taoszuunan llauquannsadulanssz o bigadunazulsulaou
ananld (Time-Variant System) A0
(3 o @ { [ a
arnrunuuuurnAunIanaini luidluiFadu (Nonlinear dynamic
{ A o w 1 3 a
inversion, NDI) 910 J. F. Horn (2019) NDI fie msaauguitnaninmsmiannyluilugadu
° a 4 ' o A o .. . &,
TunyudiaeanendiamaasarodIUHNAUIFINA IR (Dynamic inversion) YIAITLULLO
[ 9
FIN15920ONUVUAIAIUANLUD NDI HUVZABINTIUAIADIU (State) A1 ) YOITLUU
a9 1 dy ] (Y dy Y o ] 1
vinlulidoyavesaniuziartivg liawsneenunudiaiuguil 1 Ared1eaniuz sy
Y
aamsaauguaie 9 luunu Roll, Pitch 1ag Yaw Iagargniuznianaiamiaiiidesog

v
Tugtunufsgii-aazasi

x = fx)+gx)u (2.40)
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y = h(x) 2.41)

From Pilot Inceptors Feedback Linearization Loop
or Outer Loop Paguds, fSeSsessss s s sss SRR Sy
Control

commands | '
u Aircraft Y

Yema
Dynamics

—_—

Command
Filters

Controlled Variable Feedback

319 2.16 A79819W8INIAIVANUVY (NDI J. F. Horn, 2019)

- 1 v A o o a 4
mﬂgﬂ G'() A0 FIUNNAILFINAIAVDILVVTIABINAAUAFTAS
GU’rNﬁﬂ1ﬁ¢]ﬂﬂiillﬂﬁﬂ’mﬁ]uﬂﬁﬁu (NDI J. F. Horn, 2019)
3. miﬂ’mﬂmmummzﬁuﬁqﬂ (Optimal control)

A

9INH11970 K. Ogata and Y. Yang (2002) M3AIUANIUUMIZANgAnD

v H 9
ﬂi%“ﬂ')uﬂ1iﬂ3ﬂﬂhﬂﬁ1ﬂ1‘i'ﬂ1ﬂ1ﬁﬂ]uﬂiﬂ’J’Uﬁ]Mﬂulﬁll18ﬁ'll“l/l’ﬁﬁﬂiﬂﬁﬂﬂ%ﬁ%l@ﬂi%ﬁﬂﬁﬂ1w

(Performance Index)

o0

J = I(X'Qx+u'Ru)dt (2.42)
0

A10819AINIVANLL UKL AUNTALT

- @MMUgUUDUMEaIeuFudu (Linear quadratic regulator, LQR)

910 K. Ogata and Y. Yang (2002) fan2uauuuuiasdousudu fo

v v
=KX A

a @ [} a Y A ax =\ Y =\

aﬁmmmmuauﬂiwmmmmmuaﬂa‘ﬁwmmTﬂiaasnmimmummu Pole placement
1 o = ax k) = 1 . A Y o o

‘VJﬂ‘]Jizﬂ”li G]”IQﬂ‘L!LWEN’J‘ﬁﬂ”ISllﬂ‘JJ”IGNﬂ”I K (gain) LWE’Ji"ﬂUﬂWSﬂ’J‘UﬂﬂJiS‘U‘UTVI Iﬂﬂﬂﬁﬂﬁ’iuﬂ

WNINF Q 1Az R MAIHIUH Gain 1INANNIVOL Riccati

AP + PA+ [TK — (T)'BP]x [TK — (T)" BP] - PBR'BP+ Q=0 (2.43)
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4. mImuauuuUlTUAla (Adaptive control)
INVNAMVVDI S. G. Anavatti, (2015) AaaunuuuudSa21av191u
v 1 e A 4 o A 2 . da
Taomsdsuamaulsarvquaiusou luameiisivua daiuquatiaiisziansszuuiil
dlsnlasunilaslilarunarediad o Idneuded i lunsaionaerunviimsiulu
] <3 ] o a o 1
NG WarFIaNNgenaoudisnde Tuvaziulldnszes wiavesomesiuIzaos o

[ @

[ A =) % v A Y 9/:3 [ @ Y Y o
anaeouleINYsuuiiunanas GIN551'Jﬂ'J‘Uf;liJL!‘]J‘]J‘l]3Uﬁ31@u‘ﬂ3ﬂﬁﬂ@l3l@ﬂﬁlﬁﬂﬂﬂﬂ

v v
IS =

o A A 49! = dy @ A . 1 o Y
ﬁﬂ’ngﬂ’NWﬁjﬁiﬂuﬂlﬂﬂmu %Qiu@ﬂuﬁjﬂjﬂﬂuﬂﬁglﬂﬂﬂu 1 Gain ﬂ\iﬂﬁ]gl‘llla']ll'lﬁﬂﬂﬂﬂ
dy @ [ @ Yo A Y A 1o & Y '
u@ﬂﬂ’]ﬂu@]'Jﬂ')ﬂﬂNLLUUﬂﬁU@DqﬂﬂﬂﬂJﬂlaﬂﬂﬂ‘lui]’]LﬂuG]@QWi’l‘]Jﬂ’l
1 2 1 2 ] 9 k4 '
ADIUSAN ) VIITSUUNINUA L!@Gluellu@’fJUﬂ'lﬁaﬂﬂl!uu@']i]ﬁ]'llﬂuﬁﬂﬁggﬂuﬂﬂﬂﬁ'lj 9
a Y ' Y o 1
ﬂl@ﬁﬁuﬂ’lﬁ%’mﬂm@]ﬁ’lﬁﬁiﬂLﬂu@]’)wﬂuizﬂﬂ LU W’]ﬂ@@ﬂLLUU@’)ﬂgﬂllﬂﬂﬂ\iﬂ%urﬂ'lﬂiﬂu
] 9 9 o 4 o o W I 9y o l
suiudeedsruau Zero uaz Pole voaszun o 1) 1dwingmisisuas udu dred
v [ v Y 1
ﬁjﬂjﬂﬂﬂl!ﬂﬂﬂﬁﬂﬁjhlﬂ LYY
v v W Yy a o a o [ 1 .
- Glflﬂf]'ﬂﬂllﬂﬁll@:]ulﬂ@'N'(’)\HL'UL]Jﬂ'Ia@QVI’NT’]EH@ﬁ’]ﬁG]iLLUUTJiUﬂ’] Gain
PID model reference adaptive control (MRAC)
@ @ @ Yy Aa o a 14 o 1
- Glﬂﬂjﬂﬂullﬂﬂﬂiﬂ@jqﬂa'N’E_NLlfﬂlm']af]\?‘ﬂ'l\iﬂm@ﬁ'lﬁﬁillﬂﬂﬂiﬂﬂ']

g}/ =% U 1 tiy
Gain PID UUIHIN13AIUAN (Control diagram) aae 1)1}

Reference Um

A odel
— €1
/
Controller 'up

Plant.

'
1
i : Ui ls
/ Adjustment Up

Mechanism

€]

{ Y (% v W a o a 4
517 2.17 dsmsauauarnuguuuuliuaa 1asedanuiiaemundamdas

uuUUSVUAT Gain PID (S. Xiao et al, 2012)

<3 1 @
vingUaziiiuat MRAC/PID Usznov lidredanaunu (Controller),
o a 4 a o a 4
LL']JUﬁ]”laﬂﬂﬂ1ﬂﬂﬂ!@ﬁ1ﬁ@]5%1ﬂ@ﬂ (Reference model), HUUIADINNAUAAITATUDITSUU
(Plant) meﬂgﬂﬁﬂ%‘u o) (Adaptation rule N30 Adjustment mechanism) Taeiisreaziden

Y
daae lli
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@ Aq ¥ I

@9A21UAN (Controller) N1H1UAYNI1TAIVANUVY MRAC/PID 311) 1
@ o 1 v v J A
AINIUANIUVTATIN-UTIUF-01UT ¥30 PID

HUUTIABINANAMTASYDITZUD (Plant) A0 AUNITNIIATARIAAT

a ' 4 { Jd o J
HAAINYANTTUVOITLUL 1HU AUNITMIIAAOUNA, WaNFUa18Tou (Transfer function) W30
HUuIae)3giianIue (State-Space)
o a 4 a
HUVTIABINIAMUAAITAS01989 (Reference model) A0 AUN1TNIY
a 4 o A a o

AlAMEASUAAINITADUAUBINNNATANHDONUUDABINT IR Iz UDUsENYARD (Desired

. ' A A Y J .
dynamic response) 8199208 1ugUvoIqun1sNIsIAaRUN, WaNFUD18ToU (Transfer function)

A o a
MIuUUNAD/I9UAN UL (State-Space)

1Y 4 o a ) a
Iﬂﬂ Ym ﬁ’f] Nﬁﬂ'lﬁﬁflﬂﬁu’f]\?’fJULﬁ@QiJ'lﬂ'lﬂllﬂUﬁ]'lﬁ@\?%'l\?ﬂﬂlﬁﬁ?ﬁﬁiﬂ'l\?ﬂ\i
v y o a 4
A ﬁ’f] Nﬁﬂ?ﬁﬁ@ﬂﬁu@ﬂﬂutﬁﬂflm'li]'lﬂLL’U'Uﬁ]'lﬁ@\?%'l\?ﬂﬂl@ﬁ?ﬁﬁiﬂ]@\ﬁgﬂﬂ
e ﬁ’f] mummmﬂﬁauizwﬁwwamma‘uﬁum’e‘j"mﬁmmmmmuﬁmmmﬁ

ANAMAAS 81999 (Reference model) 1Azl UUTIADINNANAMAAI VO
311 (Plant)
ﬂ;]m‘iﬂ%}‘u 11 (Adaptation rule W30 Adjustment mechanism) AodIud Wi‘g
A [ % o Y A [ = 1 . 9 ,3 (Y
ngalu MRAC/PID Taongmsliuarreriminnisunasuni PID Gain M1nioeduogny
= ) A . ’ka v 9
VIV ¢, 110 ¢, By lvigy ona1mslasunilas PID Gain Noann Tunnasanudiumin
a < o = R 2 <3 [
e, JuuaLan 99 31n151)asuualad PID Gain NazlvuIaan ngn1sliualssnereuan
4 1A o Aa o I 4 ' Aa oA g '
anuaaanasuaaiinezi ld (dunsganadnomldidlugud ualumedfumiulylild)
A v o Y Y 9 o a d Y a (% v o
moifiauldnisaeuaue i lnduuTasanNAdAATA 301983 1INNYMIUTUAIIY
gNABI A1 Gain azgiMIAININAIMIN AI081angMIUTDAD 1951
(1) 1¥ngn31lSusa (Adaptation rule) 11U MIT Rule
INUNANNIVUDI S. Xiao, (2012); X. Zhou, (2016); P. Kungwalrut,
I v o A o .
(2011) 1A% L. M. Mareels, (1986) MIT Rule tHungnisdsuainners1uir1i Cost function J

fanfeviiga Tae
1
1(0) = Eez(e) (2.44)

910 MIT Rule (S. Xiao, 2012) 803510151 asun)asves 0 szeglu

Y
3UUVYDI Negative gradient ¥09 ] Asaun15ao 111l
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d0 oJ oJ \[ Oe 5yp

=y ==y — | — | =2 2.44
dt y@J v Oe 8yp 00 2:44)

) Glsff}ﬂ;] M3USUA2 (Adaptation rule) 41UV Lyapunov stability
910 S. Pankaj (2011) AA151U5VAIUY Lyapunov stability 95111019
U511 Gain MIMIUAUVDITTUUMIAIDANLUDLS AL 18 vuideu lvuesAnnuaaIanaoy
FLHINMNTABUANDIDIIVOITEVUAUMIADUAUDIVDIUDUTIa0IN AN EAT (Model
error) 130 eflugﬂ‘ﬁ 2.17

e=Y-Y (2.46)

m

v o 9 an . 9 = o Y
NYN1315VAIAI8TT Lyapunov stability 32 19N 15 Lyapunov 11114

v ' A A v A 1Y 2 dA ~ 9
uiﬁ]?]ﬁgﬂﬂﬂlﬁﬂﬂﬁﬂWW (Stable) HAZNITUANITQLUIVDN ¢ BINAD N!Lu’)quaﬂaﬂﬂanaW

v
=1

Anlaon'lal duludedoiiornAasuluisnsinaouain1uauFy (Gradient descent)
981911 MIT Rule (S.-E. Oltean, 2016; S. Anbu and N. Jaya, 2014)

910 S.-E. Oltean, (2016) 1a8NuHV09 Lyapunov na11 13319aauaa
(Equilibrium point) ¢, =0 Y0952V B esnm AnoilewanFundiuuessz vy (V)

X 3 7 o ' < 7 o
Fuiudansuluglued e, nazar Gain Tun1snruay Vie, k) 1uilanduvuos Lyapunov

= Y !

A o &
mﬂmmmumau%mu

d @ I 4 1 . I VoA Y
Mandu v idlugud o e, = 0 4azA1 Gain M3AIUANAIUAINYNADY

v J J v A1 9y T L4
- AUV IlanTY V iAiesnngue dv/Dr < 0
7w 1 4 4 ! , 7 <
mnansu v munsaesdeou lvezansananlaniendu viilu
(Q/ v . {
WaN¥uuo9 Lyapunov FINIADoTNIN 21 9ATUAAULD Asymptotically stable BI1yn19ie1n
A v o o A o A Y I
NgaveIngMIUSUAIILY Lyapunov stability 1D MTHININTU V vz ay ms1zaouily
da A [ A Yy 9
WanFuirunsgeauson ludhadu
A29619n521IUMT 1aUFIngN1515UA (Adaptive law derivation)
@1075n13 Lyapunov stability 1age13a01n52UUAIUANSATINTIUAoUYN Roll (Roll rate, p)

voI01MAsILTUIRao U8 lUYiA (Rotorcraft)
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111981989910 R. K. R. Mark B. Tischler (2006) 8101/ 114 U1AA 0 U
o Jd o 1 o {
areluwargldsduuuiesddumeTouvesnsaiuauoasinisilasuyn Pitch (Pitch rate, q)

Aa o &
NY 1 Zero L1ag 2 Poles ANU

p s+A

L 2.47
nlat ( )

2
s +Ds+E

(4 A o a (2 [ 1 9 a
@3ﬂ3ﬂﬂuﬂu1ﬂ1ﬁ1‘ﬁ@%$1%}ﬁﬂﬂ'J‘lJﬁ]iJLL‘lJ“LI“]Ji“]_lﬂﬂﬂu PI 81304

a J

HUVINADINAUAAIAAST (Model reference adaptive PI control) Tﬂ&llﬁﬂﬂ?ﬂﬂu PIUAUNS

v

AYNIAIUANAIL

K.
nlat = Kp (psp_ pFB) +T(psp_pm3) (248)

9 o a Jd Y a = [ =
l,l,ﬁ%GlGMIfU‘]Ji]'lﬁ’ﬂ\?ﬂﬂ!@]ﬁ'lﬁﬁi’E]'NE]Q;?]JLL“]J‘]JL@]EJ’Jﬂ“lJ’E]G]i'IﬂWiHJﬁEJu

A A

44 Pitch HUABNTIUIU 1 Zero 1AL 2 poles

pFB m AmS-I-Bm
pA Y / /7 DB (2.49)
» s +D_s+E_
Jo 1 o >
mﬂﬂ\iﬂGIﬂJﬂWEJI@H“U@Q@G]ﬁﬂﬁLﬂaEJNQN Roll
P+ DpFB+ EpFB = Anlat +Bnlat (2.50)
d‘ [ Y 1 . Y o =\ [ dy
MRAC LW?J“]JT]JG]’J‘I’TTFH Gain Iﬂﬁli%ﬁ’)ﬂ’)ﬂﬂmmﬂ PI aguguN1Tadu
Ki
nlat - Kp (psp_pFB) +T(psp_ pFB) (2'51)

(P~ Ppy)
T]lat = Kp (psp_ pFB) +Ki s (252)
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N = K, p,—K pp, +KJpSp dt—KinFB dt (2.53)

[

2 Y o . . ds}
«mfuz"lﬂwwuﬁ (Derivative) U84 1, AU
nlat = Kp psp_ Kp pFB + Ki pSp_ Ki pFB (254)

UNUFVATN 2.54 vazaunsi 2.53 asluaumsi 2.50

P T PP+ Ep,, = AKp f)Sp—AKp Pps +AK py,—AK ppg+

(2.55)
BK p_—BK pyy+ BK, [p, dt—BK, [p, dt
Pyt (D+ AKp)pFB+(E +AK. +BKp)pFB = AK_ psp+(AKi +BKp)pSp+
(2.56)
BK, [p, dt—BK [p,, dt
nnuuuTasnNaAdamans
pFB_m +Dm pFB_m+Em pFB_m . Am psp+Bpsp (257)

LﬁﬂxﬁnﬂNﬂG]I1\1531’?’JINﬂTiG]’E’J‘]Jf‘Tu’t’Nﬂlﬂﬁllﬂﬁﬁ"lﬁi’]x‘lﬂﬁﬂiﬁ@ﬁ”lﬁ@%

[ o a JY a [ 1 dy
U904 TRUAV ﬂ'iJLL‘]J‘]Jﬁnﬁ@ﬂ‘ﬂNﬂmﬁﬂ”lﬁﬁii’)N@\TLﬂuﬂ\iﬁ‘NﬂTi@]@"’,ﬂu

€= P Prg 1 (2.58)
Peg m = Ppg—€ (2.59)
€ = Py Prg (2.60)

I.)FB_m = I')FB—é (2.61)



o a 4 a g I 1 4
a2 Iduuudiaoanungiamansdrdatudsaumsae 11

I:)FBJn + Dm(pFB_e)+ Em (pFB_e) - Am pSP +BpSP

Prg m T D Ppp= D¢+ E pPp—E e= A psp-l-Bpsp

MAUMIN 2.56 audreannsn 2.63 azld

Pt (D+ AKp —D )p, ,+ D _e+(E+AK +BKp —E Jppg+E e

= (AK_—A )p_+(AK +BK —Bm)psp+BKinSp dt— BKJpFB dt

Y o 4
v lauuuiassnnuaaianaeu (Error model)

¢=—(D+AK -D Ip.,+D é+(E+AK +BK ~E )ppz—E e

+(AK —A )p_+(AK +BK_ —Bm)psp+BKinsp dt—BK_ ijB dt
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(2.62)

(2.63)

(2.64)

(2.65)

9 Yy o d o A A 9
u nmwﬂﬂaauuﬂ (t—00) HUVIADIANUAAAAADUISUAUUN

.o . a 3 S 4
1nd 0 (¢ —0) Faazinauu lanaoio

LUae
E+AK,+BK, ~E, =0

E+A(0)+BKP—Em =0

(2.66)

(2.67)

(2.68)

(2.69)



Em —E
Kp - B
Lag
AK,-A, =0
All’l
Kp A

Hay

Hag

AK,+BK B, =0

A(0)+BK B, =0

MNauMs 2.77 asrald ldaumsa

E+AK, +BK-E, =0

E+ AK, +B(B,/B)-E, =0

[

N

&
U
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(2.70)

(2.71)

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)
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Em —E—Bm
Ki e (2.80)
LA
AK,+BK-B, =0 (2.81)
AK,+B(B,/B)-B,_ =0 (2.82)
Bm —FE—Em
K]_ ey — (2.83)
g 9 Y o o PR
INTICRSUN U nmmﬂﬂaauu@ (t—0) i]ghl,ﬂ'ﬂ
Am Em —E Dm —D
K,=A~"B = "a (2.84)
Bm+E—Em Em—E—Bm
Ki = x A =0 (2.85)
Wan ¥ Lyapunov Alasuiaen (Candidate lyapunov function) 13w
asaumsane Uil
Ve gy ! (AK —A )+ (AK +E —E—B )2+1E e (2.86)
2 2A’Y1 p m 2A'Y2 i m m 2 "m :
= 1 [ =] A
H3 V 2009 1UUUDUNADIND E, A,'Yl LUag 'Yz >0
oyuTveefanFu Lyapunov (V) Hudaaumsae 11l
dv dK dK

p

dt

1 1 i
—— =) +E _e(é)+. (AK —A +, (AK+E —E-B )—— (2.
o = LD FE e(&F) (AK —A ) v, AKGTE, w) g @87
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NAVNITUVUIIADIANVAAIAAADY (2.65) awld &(2) Aaunsg

o 11
creey _ .. 2 _ _ ..
ée(e)= (D-I-AKp Dm)epFB D ¢ (E-i-AKi BKp Em)epFB
Em by -|-(AKp—Am )epSp +(AKi_BKp_Em )epsp + (2.88)
BK. éJl(pSp —ppg Mt
unu &(2) Tuaumsi 2.87 92 1daumsouiusveslandu Lyapunov
W

v

— _ . _4 .2_ _ . _
i (D+AKp Am)epFB Dme (E—I—AKi—FBKp Em)epFB

Eme( é) +(AKp—Am )epSp +(AKi—BKp—Bm)epsp +

de (2.89)
+
dt

. N
BK, é[(p,, =Dy Wt+E,_e(é)+ 3 (A=A )

1 dK.
—(AK+E —E—B )——
'Yz( i m m) dt

L4

a At Inderiud &3 K, uag K, Avdun1sh 2.84 uazaunis 2.85

a 1T @ = o Jd o 1 1
HAUMnY 0 w@ouaumMsouWUFYDININTU Lyapunov 1na 1A

dav .. .2 .
&= —(AKP—Am)epFB —D_¢ —(AKi-l-Em —E—Bm)epFB +

(AKp —A_ )epSp -I-(AKi —BKp —B_ )epSp +

. . (2.90)
(AK +E_—E—B_)¢[(p —p, dt+E_e(&)+
1 de 1 dK.
—(AK —A +-—(AK+E —E—B
yl( P n) dt yz( P n) dt
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av 1 de 2
E B TlT_epFB _epsl’ +epsp (AKp_Am)epFB _Dm e+
(2.91)
1 dK.
WSdt-—@%3+é1@w_1%3ﬁt(AKf—BKﬁ_Bm)

' ] v
1H94910 D, > 0 A9 UNINABIM5 19 dv/dt <0 vl aunish 2.91

Y

I J A A = . = '
tuWanau Lyapunov NUIADYTNINLUUY Asymptotically stable BInu18A218731 K, K|

1

[

o 1 1 [] . e a 3 =] 4
wgninaveua hildd ldganuliauga (Unstable) Fuafosnmilozinaiunaoiiie

1 de
? dt —€Ppy HeP TP = 0 (292)
1
1 dK,
ym—wmgﬂmw—mQM=o (2.93)
2
1 Idng st fudive s Gain iiudsde lil
dK
p__ O o
7dt —'Yle[pFB P, psp] (2.94)
dKi o
. Yze[pFB—I(psp —psp)dt] (2.95)

5. MINUANPIMIIUGHDUTIA0 (Model predictive control, MPC)
wqaﬂimmimuaum‘ﬁ'mmmnﬁqmmiwﬂuamﬂ@ TagMInIunw
ﬁgﬂﬁl%dmmiwmﬂuwma 7 193 1B QATNHATINAL, RAEIHATTUIIUEUA, Tarzine
523 laemsiunazeIna Tag MPC gﬂ@iaﬂammfTiJmﬁmmmmuguaéwwmﬂwmﬂ

1951 MPC 111 13i%ard (Nonlinear MPC) %30 MPC 11U 5ud 14 (Adaptive MPC) 1§Jué
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6. MINUANUUUAINY (Robust control)
miﬂmﬂuLL‘U‘ummuﬁaﬂ3z‘ummimmnﬁm%uuuﬁwﬁgmﬁw
szuufideanisarvauiinnuaaiandeulunyusiaesneadiamanifuszuuesande
T e (Uncertainty) Ravuluszu wu ay WiemssunIus e Indya o
malnih (K. Ogata and Y. Yang, 2002)
7. ﬂ1§ﬂ3UﬂNLLUU§ﬂﬂ§ﬂ$ (Intelligent control)
910 S. Vassilyev (2017) M3AIUANIULSInS ozfons s uIunsAILANT
wenemliszuniideamsmuamhnusa Tuidedes mimmuﬂizmwﬁﬁﬂ%’mu,ﬁmﬁu
Yayan1lseAng (Artificial intelligent) 1081919 g5z anifion (Artificial neural

network), ﬁg%qﬁ’uﬁﬂﬁu (Genetic algorithm) 410¢ Multi agent “1914

Y 1 a ci 4
25 dredungmsalugumsiungnilszgnaldly TRUAV
1 Y
ﬁ\‘I'I‘L!'Ji]UWEI'IT‘IWfl'lfJ‘Vlﬁﬂ’ﬁ]'l@]')ﬂ’]‘ﬂﬂllﬂ'li‘]JH“Vl\?LL“lJ“lJLG]NL’GgfIH (Linear) uaﬂmmgﬁju
L [ Z}, 1 a a Jd a {
(Nonlinear) 11152gna 1911 TRUAV n3lugnemsdunuueanotaes sramstunldeua
1 a A Aa A =3 Y 1
Llﬁ$GB?QﬂTﬁUHLLUULﬂﬁ@QUuﬂﬂ@]iQ ulﬂllﬂ
Y (Y] v d v d
251 fmmunuuudaau-IWus-01Wus (Proportional-Integral-Derivative, PID)
@ [] Aa v d' 79 ¥ 1Y (] o ]
ﬁﬁ@ﬂ?ﬂﬂ?ﬂ?ﬂﬂﬂﬂﬁ%ﬂﬂﬁﬂl% PID N1 TRUAV %U N15U1 PID llﬂﬂ'lllf’]ﬂJ’VlTVﬂQ
Aa ° 1 ] a a 14
NITUULASAIUANAUL T UIUD TRUAV Glu%wmaummmaaﬂaﬂmai (C. Papachristos, 201 1)
2.5.2 Pole placement 130 Eigenvalue assignment
#1961991U398% 1% Pole placement 1% 4143988 Song Yanguo LAz AME
A 4 < a o [ '
(2009) 1935 Pole placement 1VOAIUAUAIING WFINN 1AZAWHUUTIYUYDI TRUAV TU99
mstiunuednetlines
2.5.3 Linear quadratic regulator (LQR)
o 1 Ao Aqyandyy av . .
A2081991U378N 15251 "lmm 1UIVYUD I Christos Papachristos LA AU
1 a o 1 1 a a 4
(2013) 1%} LQR ll"lﬂ’J”]JﬂiJ‘Vl”l‘Vl”Nﬂ"l'i‘]Juua3@]"ILL‘HHQGLHGU’Nﬂ”li”]JuLL‘]J‘]JLﬁaﬂ@‘]Jm@i
2.5.4 Gain scheduling
INIUIVYUDY Rogelio G. Hernandez-Garcia (t8¢ H. Rodriguez-Cortes (2015)
] a { ] 1 I~ ] 1 ] [l [ 4 4
Glu“b"Nﬂ’lT]JulﬂaEJuW’IuQﬂL!’UQ@’E]ﬂL“]Ju 15 ¥y Iﬂﬂ 1 G]f'NEJ’f]EJWI']ﬂ‘lJi!iJL?)EJ\ﬂl’fNLﬂ%’fNEJHG]
v ¥ e . X 1 R a
nn 9 6 03e1 agtiuag ldgaauqa (Equilibrium point) 15 99 Fauaazyawaiadluunusudu

s
nnihmmuguuuudadumniugulusaazyaduga
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2.5.5 Smooth switch control
] a a d o \ a ) (%
TugrensdunumedasithaeinuniosduilnaisuuzuenaIniugu
a o I~ 1 1 a 4 1 % g’/ o
mstueenannuiuwenma ualuyianistunasuriudinIuauNIdeIgaz g
9y 9 v 9 so ¥ @ . < o 1 2 A
19801 Taglsmanduiniina2ugn (Control weight) 1WudrvDANYNULTAITIADN
Y o @ LY g LI =y A ¢ v W 1 9 [
Tdarn10quad Ivuuinnainy TaeduegnuyuideavonT098UA AIAI0619919819
(Z. Liu, 2007)
v vy . 1o v a
256 MsmuauuuUlSuaala (Adaptive control) maugiulassviadszainifia
(Artificial Neural Network, ANN)
@ 1 o o 1 L 1
ANN A9 Ma21UAuNs1aeIm5v10uNn Inseie Tuayesvoauyudiidiu
A< ~ ' o Y A o o Yy A1 g ’ DS w .
NnangaiTanI1 “Neuron” MUINNAUIUTYY IV UNINAUVININIUMNS THINID (Weight)
' EE =l ' 2 1 1 vy 3 o ' o
Tunaazan Faihmiiniiasznan o-1 Taeisuanmsguar udnhminazaos o g5l
A ~ 9 Yas A A 1 . o a
(508 9 MUNTIT8UFVOI Neuron 1A 19I5 N58071 Back propagation ATUINUAIWAANAIA
o Y o o % L)) [ 9 9 '
Yod 11900 (Output) ud1imsdsuihmindounduainvieendou ldvutd auna
a I o 1 ~ 1 1 o
anwAanatnvzidugud uadeidenodssldnaln ANN Gouiaoudrauiuningiauld
1 =\ a a = [ @ Yy 9 =\ v A 9y %I o
pg19lilsz@nsam Famsaruauuuuliuda lddhunliunumaamae 1iiinues ANN
15UA1DY Online 14 @798199113981%F1U 11UIT8UDI Boo-Min Kim tagaaig (2007) uag
91UITYUD9 Changjie Yu LazAME (2005) 19 Dynamic model inversion Tun13A20AN TRUAV

9
MNFTVFINNITUU !,!,ﬁ$6],“]95}G]’Jﬂ’JUﬂ3JLUJ°lJ“]Ji‘]JGI’JUlﬁIﬂ’JUﬁ]ﬂ‘UTﬂi\‘lﬂﬂﬁlﬂ‘i$ﬁﬁﬂl1ﬂﬂiﬂlﬁ5m°})’ﬂ

TORANAIAUDY Dynamic model inversion 11N NUUBTIA s uduieans

output layer

input layer

hidden layer

319 2.18 Tasaneilszamnien (V. Valkov, 2007)
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2.6 weiAnIANMIDY
taiiutivesanruguasiunagauinuieneeluiesnata ualiaesdionan o
fihaudregenliuad MifuuuuiTamesWamds (Open source) yanatia Tl ansaidhi
wastian181ufe veia Pixhawk uaz APM2.6 Fag358 1fidenvesa Pixhawk iFuvesa
AUty lesnnianuiinisdszunana wiseanusway (Flash memory) 1ag
o o

Y
WUIYAINIIHAN (Random access memory, RAM) ¥11N31 APM2.6 UONINY Pixhawk 633

' ° A o v o =< g N Y} 2 A
NUIIAIUINNYUDNYTD SD card 1/1ﬂvimmﬁauuwnmagamwu%mnmu Gluﬁumw

2

=\

APM2.6 1313 ug Pixhawk Ndoidenendldnutosniniomeuiuuosa APM2.6 admalH

U

a 1A o o = an ) A v 1
11!,@ﬂﬁﬁﬂil@ﬁ?ﬁiﬂﬁﬂ’]&ln‘ﬁﬂ']'iﬂlslﬁ'mﬂuf]ﬂﬂﬁ']

A s . ) . . vy
gﬂ‘ﬂ 2.19 U936 Pixhawk (UU%18), Pixhawk 2.1 (UHU), Pixhawk 3 Pro (819¢618), Liae

Pixhawk 4 (819U721)

Pixhawk A0 U95AAIUANMITUFITIOIUAIB1UIGYTZUIANANAI STM32 Cortex

o 2 ] = A L. o =

M4 gnAayuAsasn1ui) 2009 71 Computer Vision and Geometry Lab &4 a@¥11iuima TuTad
] o Jd A a

wsanNusadalu 930 (Swiss Federal Institute of Technology in Zurich) Tad Lorenz Meier

A 9 9 o < @ 14 9 4
weldlumsaiuaueimaeiuliauduvuiaan Tasludrueiavzlsznon ldrosuises
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as197adoyan1stu ouldun Gyroscope 11a% accelerometer 19 11n153ANIMIINITDU Uaz

a J @ yw o ' @
‘UTJ'E)‘NLﬂﬂiGlUﬂWiﬁi’Jfﬂ’Jﬂﬂ’Nllg\i‘U@Q@1ﬂ1ﬁ81u UONINUIITINITONINIUTINAY GPS

ermsdusa Tuineen liuenszezaienld (Tech Insider, 2010)
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271 PX4

A J A (a wa 4 . @ v Ao
PX4 no %@Wﬂ!t?iﬂﬂgﬂ@]ﬂ'ﬁﬂuﬂ@ﬁﬂ Pixhawk QﬂWﬁNHWIﬂﬂHﬂ?%ﬂ‘ﬂTﬂ

v 9 1
“I/I’ﬂaﬂ“l/l\i%'lﬂﬂ'lﬂ@.ﬂﬁTHﬂﬁiiJ!.l,azﬂ'lﬂﬂ'liﬁﬂ‘]sﬂiﬂﬂ‘l{]ﬂﬂuﬁ'liJ'liﬂ!.L‘U\‘lﬂu Source code NAUIDY
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o 91 s A R 9 v ¥ A A A
W lamugusuosu laifiouaenuni Tan PX4 amwnsaldniugulanisn 50 inseedu

=2 A o 3
liaudaisednin

] 3 [
go1fnenssuued PX4uuailu 2 52AU Ao Flight stack 1ag Middleware
I ' {o a 4 o 1 . . '

Ta® Flight stack 321 uarunsuraseuluioan1511509 (Navigation) ttaz luaiuves
@ = ] T I o A a A =< @
ganosnuAIuguaI 9 linezitludiaiuguiniesduilnaie oimasiuvnatluanas

Y '
mmﬁmwfiuammm

Position & Attitude
= Estimator

y ! }
S D
1 )

3N 2.21 MWWV Flight stack

1 Ao 1 4 @ 2 o o
Estimator A9 @3UN5UA1 N5 1 a23u 1Y) udwhmsaiuiamaniue
A9 9] VOIOIMAYIY IFUMTAUIUNINNMITUN IMU sensor

l
1 ~ [

. A o < ' X 9 3| o & 1 Jd o
Mixer 10 @IUNTUANI LFU NITLAYILIY MqllﬂalﬂUﬂ']ﬁ\ij'lllﬂlﬂaillﬁagﬂj

Y a Y L%l 1

Yo A a9 @ = R RE A 1 a
aovihog lameldinamsderdievuednauysal wdenessz e lildasnufuve e
s)zé 3’/ dy gJ/ 3’/ Lg [ a d' o ]
vla Fanatinanyuegnustiauean iz ihinsnIuguey
9 v |
Tudanves Middleware Wude dungualuiseanisanaonulanniguen
] 1 9 a A 1 [ =\ ag . = A’
1M 15U M3dedeyamsiuAnaenuanITinIANY (Ground station) 373 11/ squaluizes
o o a . . [ 4 A o a o
MM 91809M5 iU (Simulation) NuRseatiuaesluneuiunes NI
2.7.2  Qgroundcontrol
A 5 3 A o Y A g ~ A a
Qgroundeontrol Ao T1/sunsudiGaglinmmihnduamiiniuguaanuau
. Y Y o A o Y = g a J
(Ground control station) 1#o 1A 1Faudunihaudie Px4 sadeyanisiuszgndenin
v v Y
A79171A81Ua 9119 Qgroundcontrol A1W1IIA13Y (FIVUBYAUAUAINYDIAITIT Y QY104
1 9 dy = I a [ 9 a
9814 Telemetry A28) 48NN Qgroundcontrol gaiinn i udasnudlFnunrugumstiulu

o a v v & v A & = a o
ﬂ'lﬁﬂ'lﬁuﬂlmuﬂ'lﬁ‘]Juf]ﬁIuiJﬂﬂWﬂﬂqﬂﬁu\illﬂEl\i’é]ﬂﬂqﬂﬁuﬁ TaggamuNNAve9TEULUDN

o ' tij = Y
Aundsuunu lan (GPS) 8nag
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Start Mission

3 U 2.22 Qgroundcontrol

Y] a Jd 1 . .

2.8 mseenuuulineuiunesve (Computer-aided design)

910 N. S. Nise (2020) Tun1sesnuunszuuaIugueaiialyiy (Modern control system)

Aa 4 2 J J 1 9 = K o PR Y
ABNNAABIANUGIGIuazsaauITFIBRD ULV NUNUIMUINTY I I sunTam
9 v

TuauaeumseonuuuszDUAIUAUFUASTFIS T TUALIBD HAZAININUGIGNADIAD UG
'O =) U ] 1
alueda Areg1aau

28.1 MATLAB #iaz MATLAB Simulink

< J 4 a o ]
MATLAB tHusandu15 0903 5N MathWorks 598 1un150enuuussu
=2 o o ' & A =
auguiw lUTamsnaaeuiiaesmsduamaie q K9l Tamuanuduaz Tamunal 59w
U 1 a o 2 1 a 4

HdauaelszaunsWnnug 19 (Graphic User Interface, GUI) #3d18a0ms sz iilszuiana

9

Uo3acn1a 9 (N. S. Nise, 2020)
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(% = [y 9 ] a d' ] =Y a o
uuvdSudeslunald (TRUAV) lusremstusuunlasuriuanmsiuuuuiaansilines
3 a 4 a .. . o @ A
Wumsdunuuinieadui)ne3 e (Transition flight mode) MIDONUVUHALIAIAIVANMTTU
dmsumstusu)deur1uaznszyiuu MATLAB Simulink 399241015 NAd0UAIAILAY
a o 1 . . [l <3

MITUALUVT1a99 TRUAV f1u 1150050 MATLAB Simulink 9814 15Aan1392 1811
. o { < a 3}1 o @ ¥
Fadrnuguiaouaueldiiuazing Steady-state error 001U WNIZARMUIDUNUFIU

o a P ] ) [ Y o A A Y o
YouUTIaeInAnamaainuud nasnn laninaugumsiuimangaduudaozaii 1

o v 4 i P P { o

141y TRUAV GagnatuqumsiaaeuiriuuesalulnsaouInsaaes Pixhawk N1y
Y . o a A 1 o = I
@29 Firmware PX4 tazviimstiunadeulaoyouaeny 1Usinsy Qgroundeontrol 411y
TdsunsuaelumsannunsaouIznINT Y

A o A A 9 ~ 9 Y

WednszuaunmseenuuuszuunIugu@en 13 luuni 2.2 ulszgnalglu
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9 9
N1I9DNUUUISVUNIUANYDI TRUAV NI 10ALDIATUADUA 9 A9t

(TlltrotorﬁUAVﬁassemny CollecLFIlghtVData\
y % )

k / \
. Study. [ Math_Modeling Model_Validation Contro\_System_Deswgnm
(o ¢ ITS N YU ) -

qﬁlﬂﬁ 3.1 MNITINUVNNIESUIUNITODNUUUISVUAIUANUDI TRUAV

1. Usznouddal TRUAV

2. fududoyansfuiioniuuiiaosmandameaai (Collect flight data)

3. fhuvusiasanendiacmans (Math modeling)

4) A5IVAOUANVYNADIVOIVDTIA0INWATAMAASHUAIDINIABIUIZTI (Model

validation)
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5) 9NUUUTEUUAIUAN (Control system design)

6) ﬂﬁﬂﬂﬁ@ﬂﬁ%ﬂﬂﬂ’)ﬂﬂuﬂﬁﬁu (Test)

3.1 MSIA8NAIR10IMALTH TRUAV

(Tﬂtrolor_UAv_assemblyL __rCcllect_F hgm_Dala\
¢ 2 | C J

K N

® Math_Modeling Model_Validation

Control_System_Design

gﬂﬁ 3.2 MNIIWUNNISUIUNITDDNUUUISUUAIUANUDI TRUAV

luauveansmssuaIINae1y TRUAV

o o é’ A A < 9 a . o 1Y) I~ " 9
TRUAV ONIAMVUINDVULNVUYBYANTITUU (Flight test data) ﬁTﬂﬁULﬂULLWﬂQﬂJ@Ha

) o a 4 . .
lumssauuuiiasanasiamaas vazldlunsasivaoy (Validation) MeuaNutaiiou
Y
FERIMVUIIADINWANAMIAATIAZ TRUAV 81939 1agTUaAdUNITIAToN0 1N 1A
Y

o [ < 9 A v =1
TRUAV aMusuyunuUayadl ma”l‘ﬂu

U

ICERGLIERMLETEE

TRUAV

N17IANTIVIAY
(Thrust) vesuawas
wy '
15lasdm

ilsznau TRUAV

=) o o o
wanwanduwITdmiy

TRUAV

9
%

{ 9 [ <
U7 3.3 TuapumsAseNeINAeIU TRUAV dmSudunudoya
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3.1 QMaNHATYeI TRUAV

=

! y g &
TRUAV #3191 uamiseFuiloziiiu TRUAV 1uy Multi TRUAV 1iufe e

q

4 o ' 4 o 4 4 a3 s '
IATBIBUANINAI 2 1ATBIBUA (Z. Liu, 2017) TastnTessuaszitluyames i 15mlsea1u

o (3 @ I A A v o 4
1UIU 4 17 (Brushless motor) ’mmﬁumm;ﬂugﬂﬁmaﬂm 13 T1UY Quadrotor Taguoinos

1 o { Jd [ ] o
grihansodSuyudedld TuvuzMuemeiguases luawnsodFuyudesla wazznga
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=

M3y Iy Tnuamstunuunseatuilngs
U YY) d
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MInaaoUIan I ULazNesAdenou TagaziaeinT 093109 RCbenchmark Serie 1585

v
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o d o [ YY) = PPN o 1 g
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14 1 ) a & o 1 @ @
wormes 15ul59n1uv09 TRUAV azgnii l)@aaanuunudans iy (Thrust
stand) Agueaaalugiin 3.5
? o o ) . g o 2
TUADUNTIANTIVDIAZNOTAAI8 RCbenchmark Serie 1585 11uaane 111
9
o a o 4 o [ 1w %
1) vhmsasaswemesuaz TuWad Ny Tans Ty
[ Y
2) BaunudausauEnuusnuNTuAWazYUAYNY
1 [ 4
3) 0 Electronic speed control (ESC) W UNDINDT
a 3’; d‘ d‘ ' J
4) 11)aTl1l511n53 RCbenchmark GUI 9101 UNA Connect INOIFDUADYANDIND T
Y o o
Y94 TRUAV 11706 T1)sunsuy
A . 2 g ) [ @ Y o 4
5) 1800 Automatic control FuTu Iuad I UETYAIU PWM Tinuvemes
o wa o ] 1 o a A 3 a =
TaggaTulia Tasrimsasaimsnedya s PWM 910 1,000 Ty Tasaniiilunal 3 3und
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Startiog Steps Up

> Repaating script 2 more 1
> Starting Steps Up

Hardware:
Connected!
Senes 1520, fumware v1.14

Real-time plots:
¢ RPM Theust @ ESC Power

ESC voltage
762V

Motor Speed, 12 poles: 5314 RPM 4
Motor speed, 1 tape: 0 RPM 2
6650 6700 6750 6800 6850 6K
11 ESC current
08 4 0658 A
064
044
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0
6650 6700 6750 6800 6850 6K

519 3.6 12511051 RCbenchmark GUI

G

[ g 3’/ gl.l d‘ 1 a a Y Y =2 1
6) NINITNATDUFININUA 3 AT mammmaammwam‘lﬂ UHadNnvY

1115 lumsvuuusasanendiamans
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313  duneumsdszneu TRUAV
4 1 % I 4 Jo a
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) 9 ) q ¥
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o a g}/ 1 [ I [ . A
9) vhnsanasginsaia1eq lua19ziilu GPS, 1o Pitot 30 Telemetry 4a¢
191 TRUAV
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3.1.4  saWaITEIMIU TRUAV
a) Airframe
14 o J I a oa o
V035@ Pixhawk 3 Pro l9aewlduas px4 iuszuvilfiiams Tasviinisiden

Airframe %® E-flite Convergence ¥ deu Airframe 152199 VTOL Tiltrotor (G. C. Goodwin, 2001)

k&4

gﬂﬁ 3.7 E-flite Convergence Airframe Glu%%lﬁ LL’J§ PX4 (G. C. Goodwin, 2001)
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< : 4

Airframe 4193314 E-flite Convergence 921111 TRUAV 1UUIA5 09014 3 Ta AN 2 PO LAY
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AMUKAI0N 1 30 TuvuzN TRUAV @ mTuauddesuiniunuuniodoua 4 ga Tasaiunii
o k) v o =2 9 = o ~ .
IUIU 2 YA LASATUHAINIUIU 2 YA 93009UMI1Tu)asu Source code D3 E-flite Convergence

) 9
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a 2 A a v A 4 a I'4
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9
VT F TR OL T™™ TTYTINTNTUAVD Front transition
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[ <3 2 @ a o a
HAIINIATITUNTSUIUNITOONUUUAIAIUANUNITUU msmaaﬂasﬁuum%u

4 a 4 a Y o o a @ A Ao =
aQﬂﬂiﬂﬂ@NW’Jm@ﬁﬂ’J‘]J?’;IiJﬂTTUHLLa'JuT]l‘}J‘V]Tfﬂi‘]J‘Ll‘Vlﬂﬁ@ﬂlaﬂuulﬂuﬁﬁ‘ﬂ@u@i]ﬂ llTi’Jﬂ"Iﬁ

v v

= 3‘1 % 9 o a o v Y Y Y AR o &
guidensaiomdeIu lSaudutazeinnaouanenugnaden laaie aremgiivesuilu
A03lin1sNAdoUT1a09N151 U (Simulation test) ITONOU INONATADUAIINYNADIVD
o a ) Y =K o 1 a a 1

m3seenuuudInIugumMstusuiulands 3 llgmstunadeusseae i

. a o g}/ o a J

Fanrsozdunadouluszuuiiasdlatiy doINT1ULVUIIa0INNANARITAS
A 9 1o A v o 9 @ o a a1 A o ' a
AABUTIIMUUSUNIUAVAIDINAIIU 1T AUTUSITUTENDU (WNDT1a09710101AEI1UILY
WAnIsuMsAsUAUeuTU lsaaIAIUAUNITTUNINITo0NUDD Toyan1TiuaIe 9

A o < A ° Y 3 £Y Ao o 1 =R
‘nmmﬁmumﬁlumm 3.3 %gﬂumﬂ“mJuﬂuLmUGluﬂ'izU’mmmmm%ﬂmﬂm
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o a Jd o [ 4 { .
nyusaesndiacansdnsy TRUAV Ysznev1ide aunmsmsinaeuh (Equation
4 o % 4 4
of motion), ®IMIANARAIANT (Aerodynamic), L UUTUAUNI 0IATOI8UA (Propulsion system),

szuvdSuReeluna (Tilting system) Haz@INIVANNTUY (Flight control law)

aiauuudiasena
AANEAS IHdIMvag

aumMIMEAdo Ui

y o
ATNUUVIATINN
= )

AmArTAS luduvas

Bhﬂﬂ“waﬂ]'ﬁﬂg

aiauuudiasena
AR IHEIMvag

FEUVTUAY

v o
ATNUUVIATINN
= 9.
ARAFTAS 13 AIUVBING

n1aAIual

A g’/ o a 4
qﬁlﬂ‘ﬂ 3.11 mu@@uﬂ’liﬁ%’l\ulﬂﬂFt]'laﬁ]\‘lﬂ'l\?ﬂm@ﬁ'lﬁﬁi"llﬂﬂ TRUAV

o a d 4 H
33.1  MsauusIaeImendiamansluaivvasanmImnasui
d' ~ Bld' 9 o [ 3 a
gumsmaaaounlenled 115y TRUAV 1wy 6 09/19952 (Degrees of
v 4 H [ a (% o
freedom, DoFs) ¥a1sznev lilarenisiaeun (Translational motion) DUINAINLTIANT 11
HUAAY 3 1A X, Y, Z 1agmMInyuIounnu 3 unu X, Y, Z (Rotational motion) 1Agn 131U
FOUUNY X (38071 “Roll”, MINYUIDUUNY Y (38171 “Pitch” 1AZMIHYUIDUUAY Z (3817
o dyd d’ d' 3 1 dy
“Yaw TRUAV” g1 0aunsmsnaounaaso i
1% o
1. USIaNT AU X, Y, Z

310 R. K. R. Mark B. (2006) LLEQbl‘l,llmlazLlﬂuﬂigﬁﬂﬂﬂllﬂﬁ}?ﬂuiﬁi]"lﬂ

4
AU ) Ao il

Total Force =F, + F, + F (3.1
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] = = % 1 tdy
usalunpazuauiisivazieandae il
o oA A A D) Yy A g @
uAY X: usadnsnmemeeunaoui lildanihnsetnanaa
d Y 9 4 9 9 '
Fy = 1390INVOIADTHIOHT + 1599 INUDIADT YNNI — 133 THN0N — 113999
v oA o
WA Y: HSIEdWENATTINA NI avBID MR
9 ' 9 9
F, = U539 THU08 + 159910aU4019
v Ja o w A
AU Z: useansnnszinnuemaeu luuuing
) 1 J Y 9 4 9
F, = 059 THN029 + 159910000511 — H591nUDImesui —
HTADINVBDINDSFIIHA — 1TININUDIADSYNHEI — LT8N
S SR
2. TUWUAANEFINYUTDUUUIMIU X, Y, Z
910 R. K. R. Mark B (2016) ¥9n210154NN352M180 TRUAV 14170
d‘ d' an 9 g’/ v A o’é 1 Y a aag 9
msaounly 30aua2uy gl Tumuagene lviinanisvyusevunuly 3 UAdDnA2Y

9 Y
T@ﬂimuuﬁawﬁ'uuﬂizﬂau”lﬂﬁ";&ﬁmuuﬁmﬂ 3 AU

Total Moment = M, + M, + M, (3.2)

My = My, + My, = My;— Mg, 3.3)

PR

gﬂﬁ 3.12 LLWHﬂWWLLﬁﬂQlJlJ‘Uu"U@QN@mf]i‘ﬂ\ia

o J

@ Y <]
910 W. Saengphet (2017) magﬂﬁﬂawuﬁuwuﬁ UAINULTINITHYUUDN

Y
Nomesaane 1l
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M, =ko (3.4)

9

Aa A v @ < @ { 19 1 o ' o
Tumal§uianiu k, Wnazdludulsi ludar maduam o, Wuiud
¥ 2o d o & ' { o o o o
uuni laaeudieern auiuar M, ihunldlumsihmuudiasainianainues TRUAV
=2 & A Y A A o s o o P ' Y X a
iluminldnninsesiodanesaveweomes amnsadaneialuniie Nm 14 de51eaziven
gnnanneluaInveTeIszuUTUAY
1 =\ = Jo 1 dy
Tuuaazunuaziiseazdeaves Tumudasae 11

1NU X: Roll moment

14 I Y 9 J 4 9
M, = Tmuummmamaimwm - Tmmuﬁmﬂuamaimmm —
4 4 o J 4 (%
TNLNH@%WﬂN@L@@ﬁ%’]ﬂﬁﬁQ ~ TUHUANINUBIABTUNHIAT —

Tuud Roll MALSINDINANAANTAS + No3A (3.5)

1NU Y: Pitch moment
4 d 9 9 4 4 Y
MY = Tmuummu@maimwm — Tmuummﬂmmaimmm —
J J Y @ 4 4 %
Tmuummmmaimwm — Tmuummﬂmmaﬁmwm —

s ¢ s
Tuua Pitch 1NUTIN NI INANDAITAT + NOIA (3.6)

AU Z: Yaw moment
4 d Y 9 4 o Y
M, = THNUAINUBIABDTFIINUT — TUINUADIANDINDTVIIUU +
J J 9 4 d 9 (Y
NOIAVDINDINDTVINN U + NODITAVDIUDIHDTH N AN —
g Y 9 J g 9 v
NOTAVDIVUDIABDTBIYVI U — NOTAVDIUDIADTHIIN A +

THUd Yaw 21005Ingemanasaas (3.7)

o a d d
332 msanuuudiaesmentinmansludiuvessimanamans (Aerodynamic)
[ 4 1 a 4 a

ludruvesomanamansazinaog1au1n 1u Tvuan s ULV VAT Y

=Y = d‘ 4 4 I o w [ A ~
Una39 119991005 I0AL TUINUANIIDIMANAFITATIENA1ID UA1IAIHaN IUNITIAABUN

4 1 3}/ %
949 TRUAV UNULDIAD3 15015901UNT 4 @2 910 P. Woodrow (2013) t1a P. Kumar (2015)

J o J I @ 1 2
WUN mmazTumuwm&mmﬂwaﬁﬁmtﬂumﬂumsmllﬂu
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1. 03nlI2nouU0IaNMIN I IMANAATNS

LLiQ‘VINfJ']ﬂWﬁWﬁﬂ"IﬁG]%’

Drag =F = EpV SCD

. _ _\2
Side force = F..= 2 pV SCY

1
Life =F = *szsc
L 2 L

4 s
Tumuan e IMANAmMans

1
_ 2
L= _pV’sbC,

1
M= EpVZSch

1
N= ngZSan
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(3.8

(3.9

(3.10)

(3.11)

(3.12)

(3.13)

o a £ 7 <
Tasduiseaninivornmanadians C,, Cy, C,C,C, taz C,1Ju

Y
aaaumanane 11l

c.=C_+
b DO TTeAR

— B. 88. 61".
C,=ClB+Cr8,+C 3,

(3.14)

(3.15)
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_ _ o, 3, |
C =C,,=Cla+C§ (3.16)
c=cPB+C-5,+C-5 (3.17)
1~ 1 a 1 r :
3
C=C =Cra+C: 3 (3.18)
—_— B 63 81’
C=CB+C"8,+C 5, (3.19)

A Vo - N s ¢ o
AMImMaulszansneemanamansuuyenauIs XFLRS
3’/ (Y] a £ o I [ dy
Juaoulumsmamdulszansmeemenamansiiluaine lil
r'd
a) 19383 XFLRS Tinsaudmsumsrdulseansneomeanamans
(1) MrUAUNUeINA (Airfoil) §1%50 1911401591299 (Simulation)
81 1aun NACA2408 d1115111, NACA0006 d1115UUNWUNI1952A1 (Horizontal stabilizer) 1A

NACA0009 115 ULNUWI5ZAY (Vertical stabilizer) Tagl#111y Direct Foil Design

= . . . o 14
51N 3.13 1Y Direct Foil Design Tuagrenanis XFLRS

Y

2) 1’?1ﬂi”l‘i/\lﬂ’J”liJﬁﬂJﬁIu‘ﬁlVINi’)?ﬂ?ﬁ‘WﬂﬁTﬁ@%{@'N 9 Lﬁl}u CL-CD, CL-O(
& v 7 s 1 o kS D) '
nJu@u il !aﬂllﬁﬁliuﬁﬂ (Reynold’s number) $1149 9 ﬂuﬂl@ﬂllWH@WﬂWﬁﬂﬂﬁWNﬂluﬂlﬂ (1) WIHLIY

. . . i g ° 4
XFoil Direct Analysis tioriludoyalumstiasinemsmamedas
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o ) ] [} A d
(3)  MUUAGIHUILN, HHUKNTEAL, HNUKNAL LazgUnInlag 9
) P a v Y A 9 .
Y94 TRUAV Tuanyazvaanaunianuitgazioon 1uyiivein 3.1.1 Tagl4iuy Wing and Plane

Design

] 1] Y 9
3‘1J‘VI 3.14 NAMALAZIAT BN NIBVBINIANULIALNIE 1N (R. K. R. Mark B, 2006)

4
b) MIMmdulszanusadu (Drag coefficient)
g’/ 1 ) dy v o g’; I o a o
(D mﬂﬂ,mgmmmﬂwumwmwumﬂu 0 9971 NMNITAUATITH
[ a J o a P
WIULNY Define an Analysis BOANITIUATIZH U Type 2 (Fixed Lift) Jag1n1531A512 1N
< 1 [
A3 (Airspeed) 15 m/s mmuﬂzm (Angle of attack) 51N -2 §49.8 99A1
o [ v 1 o
@ nsaNNFURUTIEH I C,-C, 910 XFLRS T
o a Q"’ 9
auilszansuseanu
r'd
¢) MImdulszansusaaIn@ U4 (Side force coefficient)
g’; 1 Y dy v o g’u I o a d
(D mﬂﬂm;mmmﬂwumwmwnmﬂu 0 93971 MNITAUATIEH
[l a 4 o a 4 {
W1ULNY Define an Analysis 1@NNITIUATITHILLY Type 5 (Beta range) Tagi1n15 AT 121N
<3 1 ]
U137 (Airspeed) 15 m/s ¥NYUURAD (Sideslip Angle) 7811219 -14 84 14 93A
9
v 1 I (%
2 mmslﬁjagmm Aileron 11U -5 8987 1oLy UV Elevator NU
<3| o a J . a J
Rudder 111 0 93¢0 MNITAUATIEHHIUINY Define an Analysis 180NNTAATIZHUUY Type 5

(Beta range) 108%1713 3103129 7A210152 (Air speed) 15 m/s $29301Ra Y (Sideslip angle)

FEHIN -14 D4 14 93A1
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3) é’qﬁﬂﬁ’umm Rudder 1314 5 9471 112 Y1VDY Elevator 11
Aileron 1314 0 8¢ ﬁwmﬁmiwﬁmmw Define an Analysis ADANTAATITH VY Type 5
(Beta range) 10891013 31A5 12 AAWI3D (Air speed) 15 m/s FINYUUAAY (Sideslip angle)
5Y1I19 -13.5 D4 13 99N

@ nslanudunusszning ¢,-B 910 XFLRS Tute (1), 2)
waz 3) llsnanndulszansusanngindg

d) mimﬁ’uﬂizamﬁamq&m (Lift coefficient)

(1) g’qﬁﬂﬁgmmmﬂﬁuﬁqﬁuﬁ’wumﬂu 0 8971 AT NATIEH
w'mu,mg Define an analysis 1BAMIIATIZH UL Type 2 (Fixed lift) Iﬂ8ﬁ1ﬂ1iamiwﬁ‘ﬁ
AT (Airspeed) 15 m/s 329311)2N2 (Angle of attack) 531119 -1.2 74 9.5 037N

) G‘?ﬂdﬂﬁ’ymm Elevator 111 -10 99911 118231V Aileron f11J
Rudder 13 0 89911 %1111331A5129 HAUILY Define an Analysis 189NA15AATIEHLUY Type 2
(Fixed lift) 1a0%101531A512 AR5 (Air speed) 15 m/s ¥194 g Ng (Angle of attack)
SN -0.7 D4 9.8 BIA

3) A NuFTLTIZHIe C-ot 910 XFLRS lude (1) uaz (2)
o)fnamduseansus aon

e) msmﬁ'nﬂsz?mﬁmuuﬁ Roll (Roll moment coefficient)

(1) éﬁﬁﬂﬁjgmmm@ﬁuﬂ'@ﬁ’uﬁwumﬂu 0 8471 AT NATIEH
N'”IHHJLJ Define an Analysis Rl RERIGERCALIBIEY Type 5 (Beta range) Tﬂﬂﬁ”lﬂﬁ%tﬂﬁ%ﬁ‘ﬁ
AT (Airspeed) 15 m/s F94uRAY (Sideslip Angle) 7211314 -14. D4 13.5 99N

@) e ldyuves Aileron 151 5 89f1 1Az NP Elevator N1
Rudder 13 0 83911 ¥1111534A5 129 1111 Define an Analysis 189nN153ATIZWLUY Type 5
(Beta range) TA0¥101531A5 12 AAWET (Air speed) 15 m/s FIIYNURAY (Sideslip angle)
5Y1I14 -13.8 D4 14 93N

3) g’aﬁﬂﬁ’y‘mm Rudder 1111 5 9971 AL YNUD Elevator N1
Aileron 1] 0 8¢ ﬁmﬁ?miwﬁmumg Define an Analysis ABANTUATIZH LY Type 5
(Beta range) Tﬂaﬁwmﬁmiwﬁﬁmmﬁa (Air speed) 15 m/s ﬂhmmmau (Sideslip angle)
FEMIN -13.5 D9 14 09N

@ hnslanuduiusszniie c-B 911n XFLRS Tuded (1), 2)
waz (3) llfunamndulszans Tunud Roll

o a Qd o
) mMivg W52 @ns luwuea Pitch (Pitch moment coefficient)
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g}J 1 ) z&l v @ g’/ 3 o a o
(D) ﬂ\1ﬂﬂ:‘l/iuu‘ll@ﬂﬂ']ﬂwuﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂu 0 93711 NMINITUATIEH
] a 4 o a P
H1U1WY Define an Analysis 1A9NN15AT1ZHLUY Type 2 (Fixed lifY) Taoii1n1531a5121n
<3 . ' ]
ANLID (Air speed) 15 m/s mmuﬂzm (Angle of attack) 5¥HIN -1.2 84 9.5 93PN
9
o 1 3 Y
) asaliynued Elevator tHu -10 091 1agyuU0 Aileron i
3 o a d . a o
Rudder Lﬂu 0 9971 NINITAUATIEURIULNY Define an Analysis Lﬁ@ﬂﬂ?ﬁ?iﬂﬁ?gﬁll‘ﬂﬂ Type 2
. . o a A < . 1
(Fixed lift) TagIn15ATITHNANIT (Air speed) 15 m/s ﬂnwuﬂzm (Angle of attack)
FLNIN -0.7 D4 9.8 BIFN
3) hnrvlanuduniutszning C -o 910 XFLRS Tude (1) uaz ()
o (% a a‘{ J
T duilseans Tuwud Pitch
r'd
2) MIvduszans g Yaw (Yaw moment coefficient)
3’, 1 Y dy v o 3’; < o a o
(l) Gl\1f’]'IGlWMuﬂlaﬁﬂ'lﬂwuﬂﬁﬂﬂﬂﬁﬂﬂﬂlﬂu 0 931 MINITAUATITH
w'mu,mg Define an Analysis 1BONMIAATIT VLY Type 5 (Beta range) 1Ay AATIZHN
< 1 1
1211137 (Airspeed) 15 m/s ¥NYUURAD (Sideslip Angle) 7841319 -13.5 84 13.5 046N
Y
2) mmiﬁ’ymm Aileron 1311 10 93¢ 1agy Vo9 Elevator N
I o a 1 a
Rudder Lﬂu 0 9371 W?ﬂWi?LﬂﬁTgﬁ’WWHLNH Define an Analysis La@ﬂﬂ’l‘i’)mi’l%ﬁ'uﬂﬂ Type 5
o a { < . [} . .
(Beta range) TagIN151AIIZHNANIE) (Air speed) 15 m/s ¥394NLRAY (Sideslip angle)
FLMIN -13.5 D4 13 09N
9
o 1 I [
3) aea1ldyuved Rudder1iu 10 991 uaZyUUDI Elevator N1
I o a 1 B Aa
Aileron 11U 0 897 mmsalmwﬁmumg Define an Analysis AONMITUATIZHULY Type 5
) a { <3 . [} . .
(Beta range) TagrIN151ATIZHNAINS ) (Air speed) 15 m/s ¥I3yUUNAY (Sideslip angle)
FEMIN -13.5 D4 13.5 09N
o [ @ 4 1 9 A
@) A NUAURUEIENIN C,-B 910 XFLRS Tudon (1), (2)
7
waz 3) e dulszans Tumud Yaw
333 STUVIUAU (Propulsion System)

9
[ [ - [

v o : { o 9
szupvuauiludnuilsszuundguinyes TRUAV aaiumsInanudidy
o o a 4 J dyi ~ o v & A v v
ﬂ“]JLHJ“]J’i]'Ia’E'N1/]']Qﬂmﬁﬁ’lﬁﬁiﬁluﬁﬁuuﬁ]ﬂﬂﬂﬁ’lﬂﬁ’lﬂﬂjlﬂu@EI'NEN 1983$U‘UGU°U@H"U@\1 TRUAV

g

(2

¥ g ° Y o oA Y ! 2 Y o
uuumgﬂuammwmmﬂﬂu uuﬂammai"lmﬂmmu (Brushless motor) Gﬁﬁlﬂuﬁ?uﬁuﬂ’]ﬁ\?
o Aq Y o A Y A o [ a a 4
waﬂﬂﬂumwmﬂaaummﬁmu mcluuuamm‘ﬁiuT,vm@miuulmmaaﬂaﬂmamaz
v a A a A =< 1 A 3’/ A 4 o
LLL!'J?5ﬂ']JGLL!T‘Villﬂﬂ”li']JuLL'lJiJLﬂiﬂﬁJUﬂﬂﬁix‘] ﬂ?ﬂﬂﬁ@ﬂﬂﬂﬂ@%@m@ﬂ“ﬁ@iiﬁ (Servo motor)
& Y @ g v o [ = o [
cmsl,ﬂumseuaumﬂwumﬂu (Control surfaces) Lla3']Jﬁ‘]_llqlllL@ﬂﬂﬂ]@ﬂﬂﬂl@]ﬂihl‘lﬁgU‘U‘]JﬁJL’OEN

@ . & & 1 @ 1 = = v 1 dy
luwa (Tilt system) "])’\‘]‘VNETE’NET'JI!@Nﬂﬂ”l’ﬁ]%ﬂ'i"lﬂﬂ%t@ﬂﬂﬂﬂﬁﬂllﬂu
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Flight Mode
(Multicopter/Fixed wing)

Throttle command

Roll, pitch, yaw - Thrust Forces

d v PWM
Control Law ommane Mixer 4 Brushless Motors

> Thrust Moments

; Control surfaces
Pwm Alleron deflection angle ————————— Acrodynamic Forces
Elevator Servo Motors

Rudder |————————— Aerodynamic Moments.

311 3.15 MW WYBITTUVTUAUVDI TRUAV

4 [
1. wowos 13udasou
J gJ/ @ ) dy a a 4
YOINDING 4 AU TRUAV antl lu Tvuanstusueaneiwmesuas 1vua
a d’ a A =< gJ/ =) 2 ] z:i 1 7 [ 1 dy
MITULUVIAI UL nas BNz inanmImauiuana e uaaae 11
a a 4
) Tvweamsiuuuieaneinoes
a a 4 é I o @ a 49!
TuTvyanisiusuaansiliwod Fuilulvuadmsun1sUuvIuaslu
A . a o’dy dy v o = 1 Y a 4
UUIAG (Z. Liu, 2017) Ju Tvinaeaneilnost manuiaaudsane 1nausan1ae1nmanamans
[N} [ a o 4 I~ 4 a Y] 1 [ g’:
lsagamanun1siun1niin 1199910 AMWEIVRUATEITY (Air speed) §9 l1iu1AND A91iU
S Y 1 =< 9 o w [ a
wowod 15ulasouduiludumaavanlunisiu
1 a 1 [} I~ » A ] [
MIN19NITTUA9 9 113192109 Roll, Pitch, Yaw #30015 le-anszau

a ~ 4 a o o o B = v oA
(Heave) INAVINNITNUBIAAIVAUNITUUIUAIAN Roll, Pitch, Yaw, Throttle %1ﬂiIMGI°U\1ﬂ‘]J’J°V]EJ

a

4 o ' g o o v L , ' Jd o 4 o . . :
ANUUNMITUUIEIHUAANNTIAY (Weighting) AUNINFUUINUD (Weight function) Fa08

U

a < A J < Y v o W o w ' Jd o
Glugﬂmmﬂm 13801 Mixer Iﬂﬂ Mixer %zLﬂummamummmﬂqj}amamaim”lwumamgu

Y
[ v AaA

Y <3 a v da! 1 o @ Ao 9 o Y] ~ 9 a
@'JElﬂ'J'lllLi'J!,“]N1q|NLVIWVI,TUH’E]QﬂUﬂ'IﬁQVIiUL“U'IN'I d1131U TRUAV ﬂﬂmmnaungﬂlmu

[ o 4 g‘z o I a 4 . & 9 ad 4
NFIAINAIVBINOIABING 4 A 1T ULV VANNIAT WNTNY Mixer Gﬁﬂi%iulﬂiﬂlmﬁ PX4 993

Y
U95A Pixhawk 1Hudsae 11l

PWM, -0.707107 0.707107 1 1|| Roll_cmd

PWM, _ 0.707107 -0.707107 1 1| Pitch_cmd (3.20)
PWM, 0.707107  0.707107 -1 1| Yaw_cmd

PWM —-0.707107 -0.707107 -1 1|| Throttle_cmd

4
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. . <3 o o o
PWM (Pulse width modulation) ﬁf) mmwai’a‘umimgmlm“luwsﬂmmu
4 1 v R oA 9 v J 1 1 = a =
HOIDILARTZAI PINAIANUNINWAFDYISHIN 1,000 D3 2,000 Uliﬂﬂﬁ’)lﬂ‘ﬂ
o o a 4 v o &
GluﬂTﬁ“I/HLL‘U‘U%1@1EN“I/lNﬂﬂ!ﬂﬂ']ﬁﬂiﬂl@ﬁiS“U‘UsU‘Uﬂuuu GSI)@QGI:G]?}LWQLL@S

14 s Y 1 = [] 1 a Y] a o o w
1/]ﬂiﬂ%WﬂﬂJ@WI@3ulill,‘ﬂﬁ\1011!%\1@%11!111&’]81!’3?]1! (N) 4agUIAU-1UAT (N-m) ATNA1AY

g}/ 1 9 ] o

1 o 4 1 Y] I'4 1 H
LW]ﬂﬁﬂW‘LA’JmLﬁﬂ‘VnﬂHLNﬂIULLa5ﬂﬂﬁﬂuuﬂﬂuﬂlNMﬂ Ll,a31%}Lﬂa1u1uﬁ1ﬂﬁ}@\1ﬂﬁﬂ1ﬁlm‘L!Eﬂ

v R A o Y

[Y] g}/ [Y] "9 4 Y 1 v 1 Y { [Y]
AAIUNTNAADUIAAIAAT LB IAILANUINNZAULAZI 1a1en I FaassTuniald
{ o Y o o a 4
Tuun® 3.2 aggminnlglumsimuuiiaeinndiamans
a d' a A =2
2) TuuamMstuLDUAT 09U NAT 9
a A A A = g’/ S Y 1 1 [ g’/
TuTnuamstvupunsesdullnas iy vomes 13150 1ugrana
[ o [ S Y 1 v 9 [ = dy 9 Y o Y ~
doendvzngaiau aunomes 13udssougrihazdiuyudees lddranid siwmidha
I 9 o w o @ 9 v 9 9 . o Y
Wudumdadmsuadiasavuauy TRUAV 191941 (Z. Liv, 2017) P15A1UIa05 997U
1 1 a J [ o % a
(Thrust) 92 14 TARI1UIUNT A Mixer (MUBUNUNITAIUIUUTIVUIUTHUANIT T UL
a J o o = ' " 2 A 1 1
waneiwes msauIui lasnsiMeual (Mapping) Throttle command #45A19¢ 1144349 0-1
I v [ [ 1 a ~
Tnanenilu PWM aadisnegluaig 1,000-2,000 TuTasauni
4 4
2. URIABIILEDS I
a a 4 =) 4 a
TuTnuamstuuueaneiiwoitaz Tnuan1stuLUUAT oL UINAT

g @

k) I'd = I o [ dy v
U veameswed 1vzlunuimituginsainiuguluaIuueanianuliany (Control surfaces)
[ Y 1 . dy v a = dy v o a [
du1aun Aileron (MANUTIAVUS I N), Elevator (MANUITIAVUITIUNIITEAYD) Lag
A o o a P ¢ v 7 P
Rudder (MANUIIAUUTNMNY190) FuTluginsaiaiiasaas Tuuuanweimeanamans
d’ d‘ 1 d' a a 4 g’/ I~
lumismaouNnvod TRUAV tatl89910 11 IHuan 15U utuUaaneline s ua1u5 104
d' a . @ ] o d o a dy v o A []
1AT09DU (Airspeed) &4 113nne i1 lumavessaay Ty udsuinananueaui
o 1 a A a A =3 4 14 I 1 [ v o
110100 ua lu THuAnTUULV VAT LU NAT I YotaoTt¥05 1T uaiIuvan 1un15 1AL
MNMIUU
v A o W o 2 g v o & .
ANITIAVATINANITVTUUYUAIVBINIANUIIAUNA Aileron, Elevator lag
d o o w 1 4 v
Rudder 494 TRUAV @28 1 Tlsunsnaes 119 1dnsudasinavesuaazniaiuiisny
Y]
Taun
Y
Elevator 192990341 Tunsnnaaaua -30 3 30 04e
Y
Aileron H539u03uTUMINAALA -19.47 D4 19.47 D81
Y
Rudder 5290330 1unsn1aaaLa -25.38 09 25.38 941
A o P P ™ ' ° 9
VINVOVLUANITIADOUAIVDINBIADTITDS 1aaana1razgnii ldada

o a J
LL‘U‘UiﬂﬁfNﬂNﬂm@ﬁ1ﬁ§]iiugﬂﬂlﬂﬁﬁﬂﬂ'ﬁ
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Control Surface Angle =a-PWM + b (3.21)

3. szuvlsueesluwe (Tilt system)
A & 9 A = o o I ¥
vinmstwnudoyamsiuluuni 3.1.1 mandeneziildldnsiu
g’/ a tﬂ' ) tﬂ' é lﬂ' v J o o o
Tupeumsiulasudiuimuizay Fudeu luasnainazgniuiinuusiasani

a J

4 I @ a a J
ﬂﬂ!@]ﬁ"lﬁ@l3611!;]:‘]JsllfNﬁllfﬂiL%u@li\iLﬁﬂlﬂu@]’lll‘ﬂu@‘ﬁ‘IﬂfJW’E]GIﬂiill‘ll’f)ﬂﬁf]ﬂ«wy@!,ﬂﬂﬁ

1 [

A1 wazyuidealuwa (Tilt angle) Tasaumszoglugdvesaindainiuals

U

Tilt Angle = a- Time + b (3.22)
Rear Motor Status = C- Time +d (3.23)

Ta8 Rear Motor Status 9z 1108521319 0-1 TagluTvuanmisiuuyy
a 4 v 9 a A a A =
13an01/1n03 Rear Motor Status = 1 TUNWATINUTIN IHNANITULUDIATOITUNATI Rear
[ E4
Motor Status = 1 1182 0 < Rear Motor Status < 1 Tu Tvyanmistivlaguriu aduilstigngu
Y o % U S0 Y U 1 [ A a A a A =<
sy luduvewewes 15usmugnas wesonluTnuamsiumunsesinilngs
¥ 4 ' ' % o o Aa X o a J
uu wormes 15nlssnugrasazrganisiau ussiuinaru luunuiiaoameadiamans
=X 9 Y
VIdDIYNYUAIE 0

MUNYYY YU1BUo I 1UNA (Tilt angle) 9 UA1DETL NI 0-90 DIA

v
v AR

A o 2 A y o 2 ) )
Tag 0 9N Ao JUNANIEIFVUVY 1AL 90 DIFN AD UBINDI 219623 J)9r1in
° ° a o J v A o 2 9y
lumsmuuudiassneaaiamans luaiussuulsumesluwatuag e
@ ' .. =2 ' ' a = ' A v
Aauals 2 A1 Transition status B uan uzvondtedluTnuanisduldsuniuie lu
A ' A 1A a A ' A A = 9 a A '
15N 1190—1 (0 Ao Tulimstualasuriu uag 1 Ao UmMsisenls Inuamstunlasuni)
. =2 g @ ' ' a a J A '
11ag Rotary wing status FuiudrvendniuziegluTvuanisiunuusanelinesnie la
A ' A a A A A = A A
WA1521219 0-1 (0 A0 IHNANISUULVVIATOIDUTNATI ey 0A0 TMNuANITUULDY
a 4 o 3}/ I o o a 4 4
iwaneihnes) Tasaludsnaaeuiuaiualslusanesnuveasonduls PX4 (N. V. Hoffer,
2014)
3.3.4  nMIAIVAN (Control law)
~ ¥ a o Yo P I . o
Px4 Hingmisaruguauauduiagiinldnudldauuesa Pixhawk naeain

G

M3180N Airframe PX4 9271013301940 NTAIUANNMUIZANAY Airframe NYNLADN
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o E/ &
11 1% 910 Airframe E-flite Convergence Fauilu TRUAV 1 %ﬁ%ﬂﬂgmﬁmmumwm 2 1a

q

v A

1AL FANYNIAIUANAIMSTU Multicopter 118 Fixed wing
1INMIANYI Source code Y89 PX4 WL NYNTAILANAIHTUNINNNTTU
Y
(Attitude control) Y84 Multicopter 1182 Fixed wing 11 Trus STABILIZED igiuuussse 1T

1. ﬂ;]mimmu’e’?m%'mimnmﬁﬁu (Attitude control) Y94 Multicopter

Rate
Command

Angle
Command

Direction
Cosine Matrix
Outer loop

P-Control Rate
Feedback

Inner loop

PID-Control Integrator

Angle
Feedback

31091 3.16 AINYMIAIVANNINIINTLUYDI Multicopter 11 PX4

9
dmiuludiungn1salugud 1M uUNIMI9NITT UV Multicopter W
Usznovulidredesdau Ao giluen Fanauaulw Roll Lag Pitch 333 Controller gain A7
A9 AINIVANUVVTATIY (Proportional, P-controller) i1 ua Tagailsa1a o ueaas

Y
fae1519010 11/

M3199 3.2 AlsdmTumsnIugun NIt uguend sy Multicopter (N. V. Hoffer, 2014)

aals Heny AMISHAY
MC_PITCH_P K, gain @115 UAIVANLYY Pitch 6.51/s
MC_ROLL P K, gain §115UAIVANYY Roll 6.5 /s

! o Y A 1% < a o Y 1w
mugﬂGlu‘nmummuﬂmmm:}wwu (Angular rate) i’)uh],ﬂllﬂ RIZEN
. 2 o g Y a = ' @ Aq ¥ < o
113 Roll, Pitch {Lag Yaw mmgﬂumwmmaqqﬂawgﬂuaﬂ ﬁ?ﬂ?ﬂﬂﬂﬂi%ﬂ%!ﬂu@lﬂﬁﬂﬂu
v J a o o Y 4 o
Lmua@mu—ﬂiwuﬁ—wwuﬁ (Proportional-Integral-Derivative) %30 PID ‘Qﬂﬂﬁ’iuﬂiﬂﬂ

4
dalsang o aamsaae 11
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M3199 3.3 AlsdmiumsaugunInemstugyludwsu Multicopter (N. V. Hoffer, 2014)

fals Henw MizudY

MC _ROLLRATE P K, gain d11M5UAIVAN Roll rate 0.15
MC _ROLLRATE I K, gain @M 35UAIVAY Roll rate 0.05
MC ROLLRATE D K, gain LAV UAIUAU Roll rate 0.003
MC _PITCHRATE P Kp gain o M5 UAIUAY Pitch rate 0.15
MC PITCHRATE I Ki gain 1M3UAIUAW Pitch rate 0.05
MC PITCHRATE D Kd gain @M 5UAIVAY Pitch rate 0.003
MC_YAWRATE P K, gain §1HTUAIVAN Yaw rate 0.2

MC_YAWRATE I K, gain @MTUAIVAY Yaw rate 0.1

MC_YAWRATE D K, gain @MTUAIVAY Yaw rate 0.0

2. NYMIMUANAIHIUMNINITLY (Attitude control) YD4 Fixed wing

Time Constant Rate

Rate
Command

Direction
Cosine Matrix

Inner loop

PID-Control ntegrator

31U 3.17 HIngNIAIVANNINIINII UV Fixed wing T PX4

FY
NYMIAIUANAIMSUNINIINTTUVDY Fixed wing 11 YsznovTidre

AOIAIUNUBUNDNYNTAIVANVOL Multicopter AD §UUONTIAIVANYY Roll 118 Pitch a1l

v 9
Controller gain ARgIA0 AnsnveIaIgnivua lasaaulsaegainsnae i

M3 3.4 @wtlsd mMSUMINIUAUN MM TUgUUNd 13 Fixed wing (N. V. Hoffer, 2014)

ranils Henay AEUAY
FW P TC Pitch time constant 04s
FW R TC Roll time constant 04s




M3 3.5 Alsdmiumsadugunnen s ug ludmsy Fixed wing (N. V. Hoffer, 2014)
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frauls Henay mizudy
FW _RR P K, gain d gﬂﬂ’a‘ﬂﬂll Roll rate 0.05 %/rad/s
FW RR 1 K, gain @ Wi%‘]Jﬂ’J‘]JﬂiJ Roll rate 0.01 %/rad
FW_RR FF K,; gain @M TUAIVAY Roll rate 0.5 %/rad/s
FW PR P K, gain @11 5UAIUAN Pitch rate 0.08 %/rad/s
FW PR I K, gain GAVE UAIUAY Pitch rate 0.02 %/rad
FW_PR _FF K gain GANIE UAIUAV Pitch rate 0.5 %/rad/s
FW_YR_P K, gain 1M TUAIVAN Yaw rate 0.05 %/rad/s
FW_YR I K, gain @M TUAIVAY Yaw rate 0.01 %/rad
FW_YR FF K,; gain @M TUAIVAY Yaw rate 0.3 %/rad/s

1NA15199 3.4-3.6 919AY A1 Gain 13UAY (Default) #91/51ngTuar519
n 9 o @ @ g}/ a ) ~ o o 9 =1 o
o1l ldmunzaudmsy TRUAV aniulumsiiunadeuauiaden 3.1 suiludedimslsy
9 v 1
A1 Gain ¥03A2A20AN 1HIMMIZANBNATY FIA1 Gain MHMIZAWIINMTDUNATOVIZYN

il lumsiuuusiaesnadiamaasao 1

o a d
34 ﬂ’lﬁﬂ‘i?‘i]ﬁ?]‘ﬂﬂ?’lllgﬂéiﬂﬁmﬂﬂ!!ﬂﬂ%1ﬂﬂﬂﬂ]ﬁﬂmﬂﬁ]ﬁﬂ‘i

Tiltrotor_UAV_assembly _,| Collect_Flight_Data
Q J )

\\\\
Y

A
L
.‘7_@7’(Malh_modehngL ModeLVahdahonl ﬂ)(ConlrolvsyslevaesngnL
T T J B8 )] C g

gﬂﬁ 3. 18 MWIIVUBINTTUIUNTOINUVUISUUAIUANUDI TRUAV Tuaiuveg

o a J
fﬂ3@]5’Jﬂﬁflﬂﬂ’ﬂﬂgﬂﬁ}ﬂd"u@\‘umﬂﬂTd'E)\‘W]Nﬂﬂ!@]ﬁ?ﬁﬁi

'
= o

Y i
NM3AsIFeUANNYNABILUGIvEIUUTIAB N Rdiada s AnszIuluunh 3.4

9 Y
cY [

=) =)
UUUADUAIU
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= P} AY Y A 2 v A ¥ Aq Y 9

D) wssudeyai ldanmsiunageunudoyanisiuldeglugdunuildaula
=2 9 Hq ¥ & 1y Y
Favoyan ldvlulssmndygravud nazan1uzv1900U9I01NAEIN TRUAV

o 1 a a < 1 o
2) Houdyaruvudrnldasdunstwnudoyaninde Didrguuudiasinig
~ sk o & g ¢ . ) a
ANAPNAASTINVUAIO¥DNALIT MATLAB Simulink 1uuni 3.4
a ) a 4 { [ o 2 {

3) Meuaniuzv1eonvoImstulunuudasaneadiamaasniamyuluunn 3.4
o v A Ay ¥ Y o v
AudIUzvIvENIINTeyanIslunadon wamsaeuduosi laalsez Indifesny vinlawa

o g == 1

- o a A w ) ) o
Gn3Jﬁll'ﬂ'ﬂiﬂﬁ@\?ﬂ'l\?ﬂil!@]ﬁ'lﬁ@]ﬁﬁi]@ﬂ'lﬂluﬂiJﬂ'J'liJL!iJuEﬂlﬁfNWﬁ]ﬁ'lWﬁ“Ufni’i]’E]ﬂLHJ‘]J

amaugumstuludauaeli)

3.5 MI90NUUUAINIVUANMILU (Flight control system design)

(T, :"olo"?UA‘.’iasserrb:\.1 )rCoUec(j I g'u_Dala)
% J \ J

. |
Jl,
Study I.Ie.m_l.locglu\g]> @odeli‘.’a\:da!‘on Ccf\zvoLS‘,‘s:en‘LDesxgmli Test
{22} '), Ht i

gﬂﬁ 3.19 MWIINUBINTZUIUNITOONUUUIEUUAIUANUDI TRUAV

luauueIMsenuUAINIUANNITIY

4 I o a : o [} a
Lﬁ’ﬂ\‘ﬁﬂﬂ PID Lﬂummuqmmmmgﬁu (Linear controller) Eﬁ'\‘lﬂ']ﬂﬁﬂ’lﬂﬂiﬁf’lﬂﬂ']iﬂu

{ a v Q) [ 1 1 { a
waswlaninganssymanaiailuoyy Tumadu Nonlinear) 18 11dminaas luauide

Y
Y =KX A o (Z

A A 1 a 9 é’ A o o a A 1 dy
ﬂful!ﬁ]\‘lllﬂ"liWileW]’JFIT]‘]J?]?JLL‘]J‘]J]‘hJL‘]JuLGINLﬁu“UuﬂJ”ILW@ﬁ]ﬂﬂ”l'imJWi]@]ﬂiiﬂJﬂ”li‘]Juiuslf’Nu

% [ % a o a 4 @ 1 .

mmm«jnﬂ‘ium"l,fffé'namuumammaﬂm@]mamLm‘uﬂi‘um Gain PID (Model

I o o a v
reference adaptive control (MRAC) with adaptive PID) Qﬂlﬁ ’E)ﬂslﬁlgfjtﬂuﬁlﬁﬂ’JUﬂiJﬁ anluanuIive
Qy dy d’ [ v d' a [ d' Y 9 =)
FUUIUBIIN MRAC ﬁ11ﬂ§ﬂﬂﬂﬂ1§ﬂﬂﬂ1ﬁﬂwq@]ﬂiill‘1/]1QWﬁ?ﬁLﬂaﬂuLLﬂaﬁqﬂﬂﬂu"lﬂﬂﬂ
Tago1den1315UAT Gains Y9IAINIVAN
9

Glumam‘ummmnmiuu (Attitude control) Y93 TRUAV umzumgﬂmimmn
I A = A Y A o o A A A
11 2 gilfie giatuaun1alu (Inner loop) HFAUHTINMINITAIUANDAIINITIAADUTNFIYY

(Angular rate control) a2 g1A2uANA1BUBN (Outer loop) FINHINHINITAILANA NS

Yy Y
awv A

139341 (Angle control) #4lua1uITeFutioy 14 MRAC/PID Tumsaiuguvimiamstu Tudiu
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M3NDVAUBIVDIDAIINITA8UYY Roll (Roll rate) 11azdn3101511/a8u3u Pitch (Pitch rate)
< d o 9 1
Futlugiaruaumely Tasdanrugu MRAC/PID azgnlsniunummniz ludiuginmsniugy
Y i 4 v
noluvean1siunny Multicopter 1911110 13910 Tugr9nsdudsumleany TRUAV
Y o a gy a . A a A a A =2 . .
#9913 UUAMTTULLD Multicopter 1HYUzNNITTULVUIATDIDVUTNAT (Fixed wing)
Yy o a A g & ] s 9 .
wgnlarasnmstunlasuaadeduosaauysaiuad Tuglaiuguaisusnues Multicopter
0 A4 A4 = o Y o 1 A o o
wazgimuauludivveunieaiuilnasediauiuainruguuuodadiu-1UsHus-eywus
A a o 14
#30 PID muandaenssuanvessonanls Px4
9
lun1seonuuy MRAC/PID azliduasuniseonuuudiulsgnouas q su'ldun
o a o ° ) J a
HUVT10INNAAAMIAATVDITZUD (Plant), HDUTIADINABAAIAATO19D9 (Reference

v ' . . . A . . [ = 1 dy
model) tazna lnU5uaA1 Gain (Adjustment mechanism Y139 Adaptive gain) fa1eazidvane 1yl

eI IEAGEENIRE]

AAAMAATU845E UL

MImuUUianm
AGAFNEATE 1989184

EE3 15T

4 z o
marnalamadive

B4R Gain

9
%

317 3.20 VwaoUMIDBNUVUAIAIVANNITU LY MRAC/PID

Reference Um

Model
€1

(%

et T*
psp Controller up Up

Plant —¢

o | PrB
Adjustment fe—2— Yp

Mechanism

€1

319 3.21 HIMIAIVANYL 1903 1M311/A8uIY Roll (Roll rate, p) (P. Niermeyer, 2015)



Reference Ym

Model —l

(),
.|
Up
Plant :

i drB
/ L
. Adjustment —2 y,

Mechanism

|
Controller

up

4sp

€1

gﬂﬁ 3.22 HIMIAIVANVE8AII1N31Saeunw Pitch (Pitch rate, q) (P. Niermeyer, 2015)

o a d
3,51 MIHMVUABINNAUAFTAIVIITEUY (Plant)

o a J o @ £
lunszuaumsmuuuiiaemandiameaasd11iuesniy MRAC/PID Hu
] I o 1 . o 4
vraglugilveslansunie Tou (Transfer function) Faligiuuuasae 11

N15AOUAUDUYY Roll

p a‘z
_TIFB == (3.24)
lat z +az+c
N15AOUAUDUYY Pitch
q a‘z
nFB = (3.25)
lon 7z 4azte

= Jd o 1 [ J =t g’/ o dy
%Qﬂ?iﬁ]ﬂﬁﬂﬂfﬂﬂ?ﬂiﬂuﬂﬂﬂa”I’Jll"llu@]ﬂuﬂﬁﬁﬂnlﬂu

o a 4 4 14
1) JUNIUITSUUIADINNAUAFTATUDI TRUAV vuyeNAIIF MATLAB
. . 9 [ 9 . = [ A ~ ] ~ A =
Simulink AT YYIUV VLU Sine sweep %ﬁgﬂuﬁq‘lq‘nmmmma”lnmm BDIUNVITINAITUD

: ' ; AT o 12
alilanudgeaseanainanudgelianuddainla lanyuzasae Tl
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06~
0.4 -
0.2
> 0
-0.2
-0.4
-06-

gﬂﬁ 3.23 ”ﬂujmu”lmwsi’ﬁuuu Sine sweep

' dy = [ 9 . = Y
miwﬁﬂhlﬂui]zuﬁmiwazL@ﬂﬂﬂjﬂﬁﬁﬂluiyimﬂnmmmu Sine sweep “INGI)(’KG],H

Y
NITTUNIUTEUUNY Roll Liag Pitch

M13199 3.6 1PaIBIAVR TV IUVUIVY Sine sweep

g 9

NINdUAHUB uauwagﬂ ﬂ'ﬂiléﬁ%]i!ﬂ ﬂ?]ﬂlégﬂgﬂ i%ﬂ%!?ﬁlﬂuﬂﬁﬁﬂﬂ?u
(rad) (Hz) (Hz) G
Roll 0.87 0.5 3 11
Pitch 0.5 0.5 3 11

@ @ I
2. “Y‘f'ﬁ\‘]%Tﬂﬂ'li‘i“Uﬂ’)ui$ﬂﬂ@s]}’3ﬁlﬁiyiy1mﬁlﬂ!6ﬁj'lllﬂﬂ Sine sweep Wuan
a o < 1w o o a
11 'J‘L!”Iﬁl!éjﬁ mmsnuamaals Drp 10 nlatﬁ”lﬁi‘]JﬂWiﬁ@‘Uﬁu@QLﬂN Roll t1a% q;p U0% T]lon
) [ a y [ Jd v 1 1 4 4
A1MITUNITODUAUD Y Pitch thVl?ﬂ?i“l”iTﬂﬁﬂ%uﬂTﬂI@uWWH%ﬂV\lﬂlwﬁ MATLAB System

Identification Toolbox FINANHULAININGIIA

-
A= |
[ == |

3 19 3.24 MATLAB System Identification Toolbox
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o A d a
352 MSHIUUII09MIANAAIaA51999 (Reference Model)
Y
MIFHALUVTIA0INIAAAAITAT 619890 UEAVANUABINITNIINA TR
. . (] I A Y 1 . . =2 g
(Desired dynamic) Taia19213lu % Overshoot manaﬂumimqau@a (Settling time) ¥3193
@on ¥z ausunganssuvesszuy liunlidesvwnnly
353 mImnalnmsUSudivesa Gain (Adjustment mechanism) ¥isongmssy
f1 Gain (Adaptive law)

1. nM3U5UA1 Gain DU MIT Rule

aAauv A A Glsl

Tuniseanuuy MRAC/PID Tuauiveduiiae 19ngn1315sua Gain uyw

=1

as . L = ' @ = g v a R
95 MIT Rule (P. Niermeyer, 2015) 49U 3180LDEAAN ) aaluunn 2xuiudaneinu

=

Yy A

o Y . a o w =
W19 Cost function GIJENGISJ}E]N@V\Imﬂma%TEN (Square error) umueanga

1

JK )= 5e2(1<p) (3.26)
1 2

JK) = 5e'(K) (3.27)
1 2

JK)= 5 (K,) (3.28)

nM3USUA Gain Y99 MRAC/PID azoglugiaunmsae i

dK G) o\ ée Y oy,

& T ok T | e oy || ok 02
p p p

dK. oJ o1 |\ Oe | Oy,

L=—Y — ==Y |||l = 2
dt ok Vil e | oy, || ok, (329
dK oJ o1)( de ) Oy,

T (3.30)

dt :_ydaKd:_yd ae || oy, | ok,
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2. AgM31UFVA Gain UV Lyapunov

M3MINYN15UFUA1 Gain 11U Lyapunov §1%5U MRAC/PID 914 PID Gain
Tugdupuitiien linsiidSudanaeanauniioudungmstsuat Gain uuy MIT Rule uaoz
NouAnA1991nnLN15UTUAT Gain 1LY MIT Rule Ao Ngn1515UA1 Gain 1Y Lyapunov 1
Tisuiludesdavesdutlsludasdunio Tou vorfiossuay (Order) Y99@UAY (Numerator)
1az@Id2 (Denominator) 11UT1UIU Pole 1A Zero UMM A (NTIVTIUIUTINUBA S)
ihaelumsningn1sauguIUY Lyapunov Wude mIudaunsnisanisliudives
A1 Gain 91 197A1A210AB1AIAABUTLHININITABUAUBIVDITEURUIUDT180IN
aslarmans (Model error) 1Hlugud TaongmsdFudanny Lyapunov Stability 92 1411a 10733

H H v Y
nlduaadliudrTuuni 2.4 Fevz 1d3Uuunaumsasdelil

dK
dtp" =y eY (3.32)

9
Tas Y A9 401U (State) A9 ) VBTV TUNHUNUIODY Pry Peps dps AL G

3.6 MINAXRUMIAIVANMILY

Tiltrotor_UAV_assembly l Collect_Flight_Data ’

K L}
‘ Study JMam !.1(«1(@:(11 Jl.lode _‘.’ahcanova\‘ JCow:w\ _Svs(em_[)equnl
&2 & g ¢ g © )

517 3.25 MNTIVVNNTTUIUMTOONUUUIEUUAIUANUDI TRUAV

U

TugruveimsnaaaudInIUANMIDY

9
[ IS

a 2 4 J o a
Tuauivesuiiog ldwondnls MATLAB Simulink Tunmisnageuaaniugunsiv
9 9
dmsumstiaoImstu Taglvunauall

) foudyarunagouzdiuy Sine NTuounagauazaNudaIdn
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2) 1WEeuNeUNaNITABUAUDIUBIAIAILANMITIANAUAIAILNMTTU TN

o X A . .
WGJJHWGUHGI,H“BEJV‘IGILL’JD' MATLAB Simulink

A o av
3.7 @a|unmmsig
- ummeaema TuTaggsnis 0.4003 2.UATIFAN
- Maker Space 0.11/89 3. UATTIFTU

- @u WU Airplane Park 9.14/99 9. UATI AU



YN 4

= a d
WNaANIIANHIASNITIUAIICTHING

4 ) ) a P a a o
Tupnilaziinauenamsn D UaoIMNANAMAAT FIDTUIBNHANTTUNIINATA
wo90 1Mo IEaudununliudesyuluwald (TRUAV) tagnan1soonuuuaInIuqy

mstudmsulslugremsiuuuunlasuriu (Transition flight mode)

4.1 NaNSIAseENa101MALIH TRUAV

o o 9 @ 9 a 3 9 a I @
‘Hmmi‘ﬂizﬂmm’Jmmﬁmuuliﬂumm]uwmuuuﬂﬂﬁﬁlmﬂ‘ueumgjamiumﬂum

Y
sinmae il

4.1.1 MaN¥YYeI TRUAV dmaaay

~ o 1~ 9 a
519 4.1 TRUAV wigailszneuaTaluamnndoniiu

G

A15199 4.1 51982108AUD9 TRUAV

ﬂ’J"INﬂ"I]?Jﬂ 1.98 u. AN 1.17 4.

‘: 0% 4

UINUNIIN 3.64 NN wamas Wi | 4x SunnySky X2820
fmmMuaNANNIIluNa | 4x ESC XRotor-40A | Tudia Gemfan 12x4.5E&R
veianIUANMIIY Pixhawk 3 Pro HUAINDS Li-Po 4s 5200 mAh




o (YY) d
412  WadausaTUAY (Thrust) Vaaxamas 13uasou

d' [ o 9 Y [
13190 4.2 Wﬁﬂ15']ﬂll§ﬂellﬂellf]\11]ﬁ]m@§hlﬁL!ﬂﬁ\?ﬂTL!
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U3V 3 MINAU )

Throttle (%) PWM (us)
0 1000 0.002
10 1100 1.089
20 1200 2.896
30 1300 4.720
40 1400 6.741
50 1500 8.909
60 1600 11.826
70 1700 15.000
80 1800 18.484
90 1900 22.069
100 2000 23.672

AN 4.3 HANTIANDIAUDINDINDS

Throttle (%) PWM (us) NosAMAY 3 MInAael (N-m)
0 1000 0.0002
10 1100 0.0260
20 1200 0.0559
30 1300 0.0914
40 1400 0.1301
50 1500 0.1755
60 1600 0.2359
70 1700 0.2989
80 1800 0.3698
90 1900 0.4400

100 2000 0.4771
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a [~3 Y a\
42  wamMsUMNUVeAN LU
a 4 < a 1 ] a
MINMITUNATOUINBINUTDYANITTUNYI FITN 9 YOINTTUNATOD TRUAV
[ o { a a 14 3 4 a
Tiemnsammslasuann Tvuanisduuuweaneihaes lihilunsesdvuilnaseld
4 @ . a3 a g}/
11199910 TRUAV 921foauganazniyusoua1od luunu Z (Yaw) ¥uilunauainaansnaln
[ o H [ ] o Y 4 4 { { [
YSuynluwaners liwiudriwinwe sau'lddsdnds lugerduls pxa Mneadesny
1 3 1 1 ] o ] g}/ (Y] o
milasulaorndua lumuizay udanniinsdsuasnalauazaanilslu px4 udavin
a 1 3‘; = a Yo (= A
mstulninaieass TRUAV awsonldswiamstuldduie Tas luideauaa nio Yaw

v 9 Y
FOUMADY FIVLAIYIINIAIMAN TA1a o Fadl

~ o &£ A 9 o 1 a A ..
A5 19N 4.4 @11 599 PX4 B9ne299n U915 UM aeuind (Transition)

fanls m
VT F TRANS DUR 53110
VT _F_ TR OL T™M 9 U0
VT TRANS P2 DUR 1.3 3
VT TILT TRANS 0.22
VT TILT FW 0.78
N \ \ |
~ A — s r

VT_F_TRANS_DUR=5s

VT F TR OL TM=9s

VT_TRANS_P2_DUR=1.3s

d' (% d‘ d‘ 9 [ ] a d‘
317 4.2 a2uals5ve9 PX4 Ninevoenuraatmstuasula

U

] 9
iiosnndanesnuves PX4 uululimsaenudesluna (Tilt angle) nauafuIw
a A o @ A A S ] 13
ANUHNANAIA (Error) LW@I]'H"UG]'J?]'J‘U‘F]?J (Controller) ﬁﬁﬂliﬁlﬂ@ﬂﬂEJN’NL‘}JuﬂTi‘ﬂ’J‘UﬂiJLL‘U‘U

1911la (Open-loop control) #1149 laigmrsotfounaryuasllludauls VT TILT TRANS
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9
uay VT _TILT FW 1aTasase i ldifieansontavszriing 0 1 aaldludndsneaesriu
[l < Y
T1/51n51 Qgroundcontrol FuiuT1sunTUAIVANAIANY (Ground control station) THUm
A a K Ay 9 v o 4 4 1T 3
in3eeduegnuny ududwesmsududivesusmesiwes 12 RDS3115 MG 11ilu T Tuy

v 1 ] Y
Ndeamsrse i Fannalumsen 4.2 Huaaae 11

: N\
\ )f\\ 8 \7\ \ o=z
\,‘\ \od \ ) \ \ 73
VT_TILT_TRANS = 25° VT_TILT;FW ~ 85°

5U7 4.3 yugauneatosnumsalasula

VINANTUAUVDI PX4 31 VT TILT TRANS vzogilszuim 45 o9a1 Tuvaz iy
Y
@ 1 o Aw ' G a
VT _TILT FW 9221982152118 90 0971 118 TRUAV 812904 laidseauanudusalumstu
A 9 g‘/ Y v A a g’.: ~ 1 1 o = a
nasulameyunsaes ldowiioswnnnmsaaasnalni hinduduiisane 11nnsassraaes
1 ~ A K J ~ o Y a A 0o I
gnegratgeliudanuyuimnzaulunisilvnistunlasuslalssavanuduss
Ao VT _TILT TRANS 7 25 1tag VT_TILT FW 7 85 a3/1a1ua1a1l
% a < A [ 1 ] { o o
Frmmsiunadounudoyan1sIuaINa1IA1 Gain AU MmNz dud M5y
o dy < o 1 dy = N 1 : ) Y a .
TRUAV a1ilifludsaisteae1iil Tasazutailua Gain d1vsulen1sdunuy Multicopter

a d‘ Aa A =
gazlamstunuLnIoa Ul nA3 g

M13197 4.5 A Gain MvzawlumsnIuauNIMINMsiugiuend1miy Multicopter

aunls Heny A Gain NM¥MNZAN

MC_PITCH_P K, gain @115 UAIVANYN Pitch 6.2 /s

MC ROLL P K, gain @115 UAIVANYN Roll 6.1/s




M3°199 4.6 A1 Gain MrzauTuMIAILYUNINIINMI TN ud 1135y Multicopter
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amils TEREY M Gain HMINZEY

MC _ROLLRATE P K, gain §1115UAIUAY Roll rate 0.14
MC _ROLLRATE I K, gain @1M35UAIUAY Roll rate 0.06
MC ROLLRATE D K, gain LAV UAIUAU Roll rate 0.003
MC _PITCHRATE P K, gain LAV UAIUAY Pitch rate 0.12
MC PITCHRATE I K, gain 1M3UAIVAY Pitch rate 0.06
MC PITCHRATE D K, gain @M FUAIVAY Pitch rate 0.003
MC_YAWRATE P K, gain §1HTUAIVAN Yaw rate 0.36
MC_YAWRATE I K, gain @MTUAIVAY Yaw rate 0.15
MC_YAWRATE D K, gain @MTUAIVAY Yaw rate 0.0

M3NN 4.7 A1 Gain MrRzauTuMIAIVAUNINIINMI DU UeNd 113D Fixed wing

U a \ d‘

auls HETN A1 Gain NIHINS TN
FW P TC Pitch time constant 04s
FW R TC Roll time constant 04s

M1319% 4.8 A1 Gain Mz anlumsnuaunneimstugllud vy Fixed wing

aails Henu 1 Gain HmINZaN

FW _RR P Kp gain WTﬁﬂﬂﬁ‘]JﬁliJ Roll rate 0.04 %/rad/s
FW_RR_I K, gain @M UAIVAY Roll rate 0.01 %/rad
FW_RR_FF K, gain @M 35UAIVAY Roll rate 0.35 %/rad/s
FW_PR_P Kp gain @M TUAIVAY Pitch rate 0.06 %o/rad/s
FW_PR I K, gain @M 3FUAIVAY Pitch rate 0.02 %/rad
FW_PR FF K,; gain 1M5UAIVAY Pitch rate 0.4 %/rad/s
FW YR P K, gain o m%‘um‘uqu Yaw rate 0.05 %/rad/s
FW_YR I K, gain ﬁ’WW%‘]JﬂTJ‘]JﬂlI Yaw rate 0.0 %/rad

FW_YR FF K, gain @MTUAIVAY Yaw rate 0.3 %/rad/s
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) d
4.3 Nﬁﬂ]iﬁ"l!!‘].lll"ﬂ"lﬁﬂ\‘lﬂ1ﬂﬂaﬂﬂ1ﬁﬂ§
nuusasInuadamansd sy TRUAV luanudsetiaziszneulddredruves
NHNI1TAIVAN (Control law), FLUVIVAU (Propulsion), mmﬁwamﬁm% (Aerodynamic) 8
AUNT FIUNUNYANTTUNIINAIANITTUVDY TRUAV 1949 (Flight dynamic model, FDM)
FIHANNMIHUVUTIa0INNANAMTAT Y03 TRUAV T 0azdoadine 11l
431  EamsMEaNMINInaeUn (Equation of motion)
[ dy <3 F)
gimwae Tt unmunmuaauuinsswes TRUAV Tuyuuesdiuiu (Top

. Y 9 . .
view) HAZYNUDIAUV (Side view)

g‘ﬂﬁ 4.4 URUNINLEALULUIILITIVUDY TRUAV

gﬂﬁ 4.5 UWHUMNUFAIYUDU (Top view) VDI TRUAV
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1. aumMIHaAIMIAaeuNFUdUIed TRUAV a1ty X, Y, Z
Fy=Tysiny, + Tysiny, —mgsin0® —F, 4.1)

F, =mgcos 0 sing — F 4.2)

side
F,=mgcos 0 sin@— Ty, cos Y, + Tresin g —Tp— Tre — Fp 4.3)

J y L
Tag  F,  fo 1339 (Drag force) Fudunsaneoimeanwasmansgidumsnaounves

1M i X ﬁﬁﬁ“l/lﬁ@ﬁﬂ‘i’lﬁﬂﬁﬂllﬁﬁﬁlﬂ

A v 9 { 2 g oA o w
FSidC D LINITNATUUIN (Slde force) GH\?L“]J‘L!LLﬁ\‘iﬂ?ﬁ@1ﬂ1ﬁwaﬁ1ﬁ@iﬂﬂi$‘ﬂWﬂll
mmﬁmucluumgmu Y
= . &2 3 A o w
FL D LINYUN (Llf‘[ force) G]NLTJL!LLS\W]1\‘1@1ﬂ1ﬁ‘Wﬁﬁ1ﬁ'@i“ﬂﬂi$‘ﬂ1ﬂ‘]JEﬂfﬂﬁfﬂu

Tutuny Z 153809 iNAN1IaIInNA UL Iduauaue Tasusan

o Y =
uan 9 i]ghl,ﬂl]'ﬁ]'lﬂ‘llﬂ"u@\?@'lﬂ']ﬁﬂ']u

2. ﬁilﬂﬁLLffﬂQﬂﬁLﬂﬁf)Hﬁ!%ﬂlgiﬂlﬂﬁ TRUAV Ui Inu X, Y, Z

My = Tl cos Y, = Teplpgcos Yg —mgsin© + Ty lpy— Trplpet Mgt

roll

Mr]+ Mrli Mr3+ Mr4 (44)

My = TiloGeeos Vi — Terlegee0s Y — Trileor— Trrloar™ Mpitch+

Mr]+ Mrli Mr3+ Mr4 (45)
M, = Tplsiny — Teglgesin Y + M+ M+ M, - M+ M, (4.6)

o o d d
4.3.2 Wafnicfn!ﬂ.n."i]1@@\17”\%16!6]?”aﬂ{ludgumﬂﬂi’)1ﬂ1ﬂwaﬁ1ﬁﬂ§ (Aerodynamic)

mﬂmiﬂszmawammﬁwamﬁm%mumg XFoil Direct Analysis i8¢ Wing

[

Y
and Plane Design I@nasng ] AU
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naca o6 = |rene0 0 e s -

g‘ﬂﬁ 4.7 143 Wing and Plane Design Tugenlauls XFLRS

4
1. wamsmaulszansussdu (Drag coefficient)
o ¢ Y 7 P L v
Wf‘]fﬂiiﬂﬁ@Q‘VI1\1'E]Tﬂ”lﬁWﬂﬁTﬁ@iﬂ')fJGﬁ@W@LL?i XFLR5 Tﬂﬂ@]ﬂﬂ"l(lﬁ

dy v o & I Y o v 1 o 1 da/
yuvosmanusnunanuailu 0 ose Tdnslanuduiussznie ¢, waz ¢, asgasliil
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0.08

0.07

0.06

C, = 0.0732C,2 - 0.0185C, + 0.0093

0.05

G

0.04

A v o ' s
qﬁjﬂ‘i"l 4.8 ANUTUNUDIILTHUIN CD Lae CL éﬂ'lﬂ"]ﬁ’)i"lﬁlnﬁ XFLR5

A A o o = v 2
NAUNITN 3.14 WM IAMUIMUNIVNUTUNIT Cy- C, GlUﬂﬁ'W\lﬁ]leﬂ'ﬂ

o & A = I o A
Cpo = 0.0076 A UANMIN 3.14 1lasugiituasi

2

CL

C,, =0.0076 + (4.7)

TCeAR

4
2. HamsMauILaANTUIINNA1UY (Side force coefficient)
o s s @ o R
HAN139180IN D INANAFITNS A8¥a A5 XFLRS HE991nAIA1

4 Y g I [ v J 1 (%
Tdyuwvesmanuisaunsvuailu 0 eeen lansianudunussznine ¢, uaz f aagil

ao 'l
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Y

-0.3 02 0.3

C,=-0.2004p

-0.04

B (rad)

A o o @ ' s & - A oo &
E‘IJVI 4.9 ANVTUNUDIIEHIN C,, Lag B%Tﬂ%@ﬂﬁlmﬁ XFLR5 V]iJMﬂWﬂWHUQﬂTJL‘]Ju 0 9371

VINAUNISN 3.15 Wehmsaaaiisunuaums C, - B T19dunInyy
. < vlsl- B
V04 Aileron 18 Rudder (11 0 8371 9 19 CY =-0.2004
° ¢ s 2 o ¥
HAN1331a99N190INIANAMAASAe0 @125 XFLRS Ha4910A9A1
g = =
1 yuv09 Aileron 1111 -5 09#1 TuynzNYUV09 Elevator taz Rudder 111 0 03s1 1ansiu

9
ANNENITLTIE1I1 C, wag B Aagilae’lil

01 0.2 03

C,=-0.19930 + 0.0023

0.1

-0.06

B (rad)

A v o & ' s A .
iﬂ‘ﬂ 4.10 ANUAUAUDITEHIN CY Iag B flnﬂ“])'ﬂ%lﬁlﬂi XFLR5 NYUUD Aileron

Y

LidJLl -5 99711 LAYV Rudder L‘]dJLl 0 93
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Y Y A = 1 A @ '
ﬂ']ﬂg[]JGIJ']\TﬂuliJ@LV]fJUﬂ']ﬁNﬂ'ﬁV] 3.15 nUaums C, - Bﬂlugﬂllagllﬂu‘ﬂﬁl

1 6
ci —-0.2004 92 1&31 C* =-0.02636

HAN1I91809N1901INANAFITAS A0 NWALIS XFLRS ©E991nA9A 1
1y uv09 Rudder 15lu 10 3o Tuvaizfiyuved Elevator 1ag Aileron 111 0 09s1 Idn3wl

Y
ANNENILTIZNI1 C, tag B Aagilaellil

0.06

-0.3 03

C, =-0.2076pB +0.0089

-0.06

B (rad)

A P o B ' Ny, 2 & i qu
5‘1J°Vl 4.11 ﬂﬁ?ﬂﬂ??uﬁﬂwuﬁﬁgﬁ'nﬂ C, ltag B %']ﬂ“]f't’]ﬂﬂll'ﬁ XFLR5 CB\WN?‘IT“IW?}INGU@Q

U

Aileron L‘]dJ‘Ll 0 9371 L1aZ3H Rudder L‘]dJ“LJ 5 94971

nngUdeduieiioumaunisi 3.15 duauns ¢, - B lugiuazunum
5 g o 2 d d
P =-0.2004 uaz C* =-0.02636 921431 €7 = 0.101986 Fuiuaunsi 3.15 1/deug

[

< 2
aumsiluaeil

C, =—0.2004B —0.20048,+0.1019863, (4.8)
3. wamsmauilseansuseen (Lift coefficient)

° s 4 o g
Wafﬂi‘iﬂﬁ’E)\WIN@Wﬂ']ﬂWﬁﬁWﬁ@iﬁ}?ﬂcﬁﬂwmwi XFLRS ﬂﬁ\?ﬂ']ﬂﬁ\iﬂflﬁj

3 Y g’/ 3 9 o v J 1 @ 1 ‘:y
yuvoamanusnunInuaiiu 0 osen Idnsanuduniussznang ¢, nag o aegiaelii
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C, =5.3202a + 0.1601

~ v o ¢ ! s @ 2 & 199
g‘lhfl 4.12 ﬂﬁ'W\lﬂ'J']ilﬁllWU'ﬁﬁzﬁ'J'N C, g a éﬂ'lﬂclf'ﬂi"lﬁlnﬁ XFLR5 “]N@Nﬂ'ﬂﬂHN

¥ v
v v W 3
mﬂQﬂqﬂﬁUU\iﬂﬂﬂqwuﬂlﬂu 0 93NN

A ' I [
INTUNITN 3.16 WUATHINYUVDI Elevator 1u 0 @een HagiNnauny

aums C,-a Tugil aldd1 ¢, = 0.1601 1Az CF = 53202

o s s & o ¥
wamimammqmmﬁwamamﬁ”mmm/\lmm XFLRS 1a491N6A3A1

o J

3 I o
13 Elevator 1111 -10 93911 31409 Aileron 11az Rudder 114 0 0971 lansidanuduiiusg

9
5eNIN C, Az a asgilae il

03

07

C, =5.3202c + 0.0683

C

a (rad)

A o o & ! s L & 199
iﬂ‘ﬂ 4.13 ﬂiTV‘Iﬂ'JTNﬁNWHﬁi%W'JTQ C. une A i]”lﬂ“]f@‘V‘l@]L!’Ji XFLR5 G]f\WNﬂ"IGl‘VilqlﬂJ Elevator

Y

< . <
(1 -10 9971 YNVDI Aileron tag Rudder (Hu 0 9371
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A ' o o a A o a o
weaunual C,, Nu CL aqﬁlu@1uﬂ1§ﬂ 3.16 LAZLUOATUIULNIUNUFANNIT

S ) ' o =
' lunswlzld € = 0525975 Tagndaninunuai C,,, C; uaz C* asluaunisi 3.16

w2 Idaumsiulasgiudadiu

C_=0.1601 +5.3202 -0t + 0.525875 '5e 4.9

[ a a( 4
4. wamsmaulsz@ns luwua Roll (Roll moment coefficient)
° sy s & o R 9
Naﬂ'lii]'lﬁ'@\ﬂ/l'l\?@'lﬂ'lﬁ‘waﬁ'lf’f@]iﬂ')ﬁl%@%lﬁlnﬁ XFLR5 Waﬂﬁ]’lﬂ@]ﬁﬂ’liﬂ

{ v v & < Y v o d 1 o 1 g
yuvoamanusnunanuailu 0 s Tanslanuduiussznie cuaz B asgiasliil

0.0015

\ C, = 0.0039B

0.001

0.0005

-0.3 -0.2 01 e "0 01 0.2 03
e

= v o 1 s @
319 4.14 nalanuduliusszn e C uaz B 91naenduIs XFLRS

& & 9 dy o o & <
G]NﬁQﬂ']slﬁlqmﬂ']ﬂwuﬂﬂﬂﬂﬂﬁﬁﬂﬂlﬂu 0 93f

! X oo o o
ﬁnﬂﬁllﬂ"liﬁ 3.17 mmgmmmﬂwumﬂmﬂu 0 939/ uazmuamtﬁemﬂu

aums C-B Tunsml 921831 ¢ = 0.0039

9
(4

HAN1I91809N190INANAFITAS A0 NWALIS XFLRS HE991nA9A1

o

I I o
113}}34% Aileron 13]1 5 9981 YUV Elevator LiAg Rudder 1311 0 99717 “leﬂi”lWﬂ’JnJﬁ%JWL!T;’

2
5ENIN C, az B aagilan il
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03 02 01 0 01

oo €,=0.0039p - 0.0373

-0.07

B (rad)

A o o & ' s &L & 199
:.’i“lJ‘VI 4.15 f‘li'W‘Iﬂ’)'lﬂJﬁiJWH‘ﬁigﬂ'J'N C, g B Fl]'lﬂclff]‘l/\lﬁlﬂi XFLR5 ‘;]5\19']\1?]1511’?

I o I
44 Aileron 1y 5 e 1NN Elevator liag Rudder ganaiu 0 9

@ ) =} 1 ~ @ Y
NAINNAUIUNIUTEHINAUNTN 3.17 nuaums C-B Tuns il Taalv
. < A . - M A g vy 0
Wy Aileron lf]Ju 5 94F1 GLHﬂIm%ﬂﬂ’lﬂWUﬂﬂﬂ‘UﬂLﬂa@Lﬂu 0 9371 i]gul@ Cla =0.426281
° 2 s o o d
Naﬂ’liﬂWa'ﬁNﬂ’N@’lﬂ’lﬁWaﬁ’lﬁ@]iﬁ%ﬂ%flﬂ@tni XFLRS 1491061381

< < o V4
1 yn Rudder 1T 5 9971 YN0 Elevator 1182 Aileron 111 0 03¢ 1dnsidanuduius

2
5T C, ag B aagilae luil

0.0015

C,=0.00398 + 0.0004 ’
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00005 | % 00"
03 04 " ~0.1'/’ ’ 0 01 02 03

-0.0005
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B (rad)

A o o & ' s L ¥ 9w
ETJ“VI 4.16 ﬂﬁW‘Iﬂ’NiJﬁﬂJWN‘ﬁi%ﬁ’JN C, Uag B %'lﬂ“]ff]?‘lml'ﬁ XFLRS G]f\m\‘iﬂﬂ?i
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43 Rudderti]y 5 93¢ 3UUDA Elevator 1Ay Aileron 6393111 0 9371
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1naun1s C-B lunsvl iedulranteunuaunish 3.17 luvazh
5
y3v04 Rudder 1w 5 09rnaz 18 € = 0.0045837

aumsh 3.17 szudaggihily

C,=0.0039-B +0.426281 .Sa +0.0045837 °5r (4.10)

[ a a( 4
5. WamMsMIaNUsLans luuua Pitch (Pitch moment coefficient)
o PR s o ¥y
Nﬁi]'lﬂﬂ'lﬁi]'lﬁ?J\?VI'N'E)']ﬂ'Iﬁ‘Wﬁﬁ']E‘TG]iNWU%@V\I@LL’J? XFLR5 Iﬂﬂ@]\iﬂ1
Y g Y g’/ < o v J 1 [V
Tdyuvesmanuiinunauaiy 0 0am az lanslanuduiusszning c, uaz a asgil

do 1l

0.05 0.1 0.15 072

C,=-1.138a-0.0259

-0.15

0.2

-0.25

a (rad)

! v o J 1 L oo ¥ 3
‘]Jﬁ 4.17 A NUTUNUTTZHIN C,lag o Quﬂlmmﬂwummmmumﬂu 0 93M

4 o { 4 v o y I
WoMulruannIsn 3.18 a yuzyuvoInIANuInuNIuailu 0 09m
Weuduaums C,-o lugil agld ¢, =-0.0259 uaz C* =-1.138
o g 1 4 4 I
HAINNITI1A0IN N IMANAATATHIUFOWALIT XFLRS Taaadsn
v

I U . o o
19431904 Elevator 111 -10 9971 @2 Aileron 118¢ Rudder %11 0 9371 lanslanudunus
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FENIN C,, uaz o faginmee 1T
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03

0.2

Cn=-1.138a +0.2336

01

-0.05 0 0.05 01 0.15 02

a (rad)

{ % o J o
3UN 4.18 A3MANUAURUTIZHIN C,, 1182 O & YL Elevator 1IN -10 037

118z Rudder N1 Aileron 131 0 0971

Wemuaaums C -a 311nns1iieunuaunisi 3.18 Tuvueh Elevator 1

o o ' I
3y -10 D471 1A Aileron A1 Rudder 11340 0 83711 92 1A C * = -1.486825

A ' o, o { { N
eunua C,, €=tz fO) dawaliaumsh 3.18 asugihilu

C,=-0.0259 - 1.138-a - 1.486825 'Se (4.11)

[ a zg o
6. WansMIaNUsZans Iuuue Yaw (Yaw moment coefficient)
o P s < g
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do 1/
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0005 " C,=0.0638p
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= v o 1 dy v o & I
:.’iﬂ‘ﬂ 4.19 ﬂﬁ’W‘Iﬂ')’l?JﬁiJWU‘ﬁigﬂTl\i C, uag B o Mﬂﬂlaﬁﬂ']ﬂwuﬂﬂﬂﬂﬂﬂﬂuﬂlﬂu 0 93¢
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NNMIMUIUAUMIANWFUNUE 581N C, 1ag B 8l 31 Rudder 10 071
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aumsh 3.19 vzilaouzihi
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o o a 14 YY)
433 wamInuuudIaenendinmaniluaIussuuTuay (Propulsion)
4 1
1. woteo3 1511a1014 (Blushless motor)
Y} o s Y] 2 q Y o

FoYAINAITINTIVY 4.2 waznoin 4.3 9z laaumsdelFlunundiaea

A P ' o ) {
NNAUAFAAT IUAIUVDULTINAL TUINUA IA8HAI91NN Roll, Pitch, Yaw, Throttle command

1 4 o 14 1 ( [ f
gnifouru Mixer tifofuinsoumMsnyuvomamosuaaza lugves PWM udaneil

Thrust = (1.28x 10°)- PWM’ — 1.283- PWM (4.13)

Torque = 0.0005 - PVVM2 —0.5412 (4.14)
4 o
2. WBIABIIADS 17 (Servo motor)
waﬂﬁﬁmam14m"u‘uﬁj’mEmnNﬂﬁ@mm%’mamama%maﬁﬂugﬂGum

o dy v v g [ 1 dy
PWM ﬂ‘]quliJ"]J@\‘]ﬂ’]ﬂW‘L!‘UQﬂﬂlﬂu@ﬂﬁllﬂ’liﬁ@hlﬂu

YUV Aileron

J, (rad) = 0.00663- PWM —0.9945 (4.15)
}UUO Elevator

J, (rad) =0.001047 - PWM -1.5705 (4.16)
}1U04 Rudder

8, (rad) = 0.000873- PWM—1.3095 4.17)

o o a 4 1 o Y
3. Wami‘ﬂnm‘u%m’eN‘VlNﬂmmmﬁmcluﬁ’msuﬂﬂizuuﬂ‘sm%ﬂﬂ‘lmﬂ
(Tilting system)
~ A I A A o 9)?:‘/ a A 1
INATTNN 4.2 Glu’]_WW] 4.2 L‘JJuNﬂullﬂm‘nﬂmmelﬂumiumﬂaEJuNm
.. . 3 ! L= o o a 4
(Transition flight mode) Lﬂullﬂ@ﬂ1\1ﬁuu”§m "?\1Waﬂ']ﬂﬂ']ﬁ‘ﬂul‘llllﬂ1a@\1ﬂ1\1ﬂﬂ!ﬁﬂ1ﬁﬂﬁ

Y
Tuguvesaniuzuemes 15usanuguas uazyudesluwailudimeee il
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{ { < 4 { o g’/ a § 1 .. .
11135199 4.2 Tuuni 4.2 FuSeu lvnh Iiduneunsiunlasuniu (Transition flight

< i s R o ° a 14 U
mode) Lﬂu"lﬂ@mmuyim "INWa%'lﬂﬂ'lﬁ“l/nll,‘ll‘ﬂ%'lﬁ@\?ﬂ'l\‘]ﬂﬂ!ﬁﬁWﬁﬁﬁﬁluﬁ?uﬂl@\?ﬁﬂ'll!%

E4
vornod 1Fulseaugnas uazyudesluwailudinseae lil

§ o a J [ o
Q13197 4.9 LUUTIAeINNAlAMANIVYeITzUVLTUDe lusia

- Rotary wing | Transition - o Rear motor
Trinanshu eIl Ua
status status status
a 4
1gano1inos 1 0 0 937 1
0.0873(Time -
Front transition 1 0<Tran <1 Acty,.) 1
[rad]
Open-loop transition 1 1 25 93N 1
0.8055(Time -
-0.7692 (Time -
Transition phase 2 0<RW <1 | 0<Tran <1 EndOL,,.) +
EndP2.,..)
0.4363 [rad]
A A o=
RERNITR RN 0 0 85 a3 0
4.3.4  nMINIVAN (Control law)

4 1 o 2 4 4 ~
Lﬁ’ﬂ\‘lﬂ1ﬂﬂ’6u‘lﬂ1ﬂ1‘i’0’ﬂﬂuﬂﬂﬂ§]ﬂTiﬂ’J“lJﬁ]llGlﬁlluu FoNALITUDI PX4 Ny

A 9 3 o a A g 9 A o q U ¥
ﬂ1iﬂ?ﬂﬂhliﬂ@]ﬂlﬂuﬁﬂﬂﬂﬂﬂhuﬂﬂ PID mmwmumﬁamwammammiuu TlﬂﬁllﬂﬂiﬂJ

AN Gain MAVITAUUAD

(J [

Y
v aauaaane 11l
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1. ﬂ;]miﬂTUﬂiJﬁiﬁgﬂﬁ1ﬂ1imi‘ﬁu (Attitude control) Y94 Multicopter
Inner Loop Control
Angle : - Rate
s o ] i O ro>—] e [
Outer loop Inner loop
P-Control Rate PID-Control Integrator
Feedback
Angle
Feedback
Outer Loop Control
>} »6.1
7 o) [5> 7
Pitch_in_E T~ 'lx:é Rate setpaint R:g;?mm
Yaw_Input
APntcn_FB_E
—
Kp 0.14
D O 5 [o— A —o
pjsp 'H’kj 'Lii_l 'L%(:%;/ v]n_ﬁsl "\T‘ Rolchmd
0.003
Kd 0.003

p_FB

{ % ' a J J 9 o .
319 4.22 damsnruaunImuImsiuvessenlans PX4 d1%351 Multicopter (U)

° ' a ) [ . 4 4
LL‘U‘U%1%1’8']@ﬂ1§ﬂ3ﬂﬂuﬂ1ﬂ1ﬂﬂ1iﬂugﬂu@ﬂ?ﬂ‘ﬁi‘U Multicopter vugonaLIg

MATLAB Simulink (N0149) LL’c’i%LHJ°]JﬁiTﬁﬂﬂﬂﬁﬂ’)ﬂﬂu‘lfi'm']ﬂﬂﬁﬁugﬂ

TSy Multicopter UHwoWALIT MATLAB Simulink (814)
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2. AYMIAANTIMIUNINIIMIIY (Attitude control) ¥D4 Fixed wing

Inner Loop Control

Feedforward
Gain

Angle Rate
Command O T N Direction Command plant |
- / Cosine Matrix an I |
Outer loop Inner loop it "
Time Constant PID-Control ntegrator

Rate
Feedback

Angle
Feedback

Outer Loop Control

( : —————»{_ 0.
Roll_in_E

¥

R_Tc0.4s

2 > ) 0.4
- Rate setpoint
Pitch_in_E

Rate setpoint
P_Tc0.4s

Yaw_Input

Pitch_FB_E

Roll FB_E

Roll

/

| 0.04

| rate Err g Roll_cmd
Ki 0.01 0.2 =11 -

:
i

» 0.35

Roll rate SP
Kff 0.35

il

|
N

o J a 4 4 ) [ 4 a
4.23 PNﬂ”liﬂ’J']Jf’]llﬂ”lif"l’J‘]ijll‘V]"WlNﬂ”li']J"L!"lli’NG]ﬁ’JW@LL’Ji PX4 ﬁ?ﬁiﬂlﬂ%ﬂﬂﬂuﬂﬂﬁgﬁ
(V1) tuHaesmsaIgumnemMstugluendmivnsosinilnasaun
4 4 o 1 a
%oWALIT MATLAB Simulink () HAZHUVADINITAIUANNINNNITUY

gl ludwmSunsesiuilngsauuwenldiuas MATLAB Simulink (819)
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= o a J 9 Y A o Y
NINYATIBDYANTIT U ULV UINADINWNAUAAITATVINAY Lm)m"lﬂﬁiN

o P . . Yy @ ' Yy 3w
nuUSIaeIUUseNAIIS MATLAB Simulink 92 1d09d1/5znovaie q nmnhailuasgdnim

do 'l

Input

Command
————————————

Flight
Control
Law

Control
Input

State Feedback

State Output
—

310 4.24 mwsamvenuTImeINAdiAMAASYEY TRUAV (UW) tay

HUUTIae9UUo WAL MATLAB Simulink (819)

Faiornrzandn 1y luaiuves Tiltrotor UAV Dynamic Model (Plant) 144

Y
uiafludauang o dagalae’lalil
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Input -
Comgwnd F"ght C?nr:)tl:?l State Output
Control
Law
State Feedback
L
Engine Force
Motor Engine Moment
Control Input from Control Law d
an i
— Flight
Servo . State Output
Model Control Surface Dynamic .
ode
Command Model

. Aerodynamic Force
Aerodynamic and

Model Aerodynamic Moment

51 4.25 A wmveauuTIaeIneAdiamans lU@IUYe3 TRUAV Dynamic Model

(na) HazU VT 9uUseNALIS MATLAB Simulink (a'N)

Tiltrotor UAV Dynamic Model Y5znou li/@oaau 3 d@au fie uuusians
wadamsiu nuudiaseszuududy uaz uuudiassluaiuvesemanamans

= = 9 9 1 I = = o 1 g
mmﬂmzaﬂmJ1"l'1Jﬂ1u“lw,mazuaaﬂfazmwazmaﬂmgﬂmwm‘lﬂu



Engine Force
Motor Engine Momen
Control Input from Control Law d
an .
—_— Flight
Servo . tate Qutput
Control Surfacg Dynamic
Model
Command Model
. Aerodynamic Fprce
Aerodynamic and
Model Aerodynamic Mgment
Thrust Force Force
Drag Force n .
X-axis
Side Force Fo_rce
in
Y-axis
Lift Force
Force
Gravitational Force V' 6DoF
B . . St
- ) z-axis Equation | Sf@te OutPut
s
Engine Mi t o
ngine Momen
Z[eme MO kot Moment Motion
in
Aerodynamic Moment K-axis
——
Engine Moment
| Pitch Moment
n
Aerodynamic Moment X-axis
—
Engine Moment
—————————| Yaw Moment
in
Aerodynamic Moment X-axis
by ommmaan
Translational
|
| S
R S 9 -
! e D)
AR o)
N P
Rotational

{ ° a A U o @ a . .
517 4.26 LUUTRVINNAUAMAAT IUFIUVDILVVTIA0INATANMTTY (Flight Dynamic

U

o J 4 . . '
Model) (NA19) LAZUUVINA9UUFONALIFT MATLAB Simulink (819)
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ngine Force
Motor ngine Moment
Control Input from Control Law d
an .
Flight
Servo . State Qutput
Model Control Surface Dynamic .
oae
Command Model
i Aerodynamic Force
Aerodynamic and
Mddel Aerodynamic Moment
Thrust Force
e —
Control Input from Control Law . PWM Command
Mixer 4 Brushless Motors
Torque
 EEE—

Surface Command
Control Surface |———

Tilt Angle Command
Transition Command from Pilot —

Tilt Mechanism

Rear Motors ON/OFF

BHEBO

Tilt Mechanism

71U 4.27 M3 amveaszUUTUAY (RAN) aziuuTIaeaun 11/51n5u MATLAB
. . 14 1 4 4 &’ LY
Simulink 1J5znoulidenames 13uilasan, vewmeosweos 19 (Mwnuaiany)

wazszuulsumeaynlusia (@19)
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Engine Force

Motor Engine Moment
Control Input from Control Law d
an .

—_— Flight

Servo . State Qutput
Control Surface Dynamic
Model —
Command Model

) Aerodynamic Force
Aerodynamic and
Model Aerodynamic Moment

Control Surface Command

Lift Force f———
Angle of Attack

Angle of Sideslip
— .
Drag Force =— Aerodynamic Forces
Side Force [————
-
ROIIMOMENT ey
Pitch MOMEN! |y 7~ Aerodynamic Moments
Yaw Moment  fe—
-J

Aerodynamic Force

[ -

Aerodynamic Moment

Lo # =
(™ " SN -
E ouaa

51 428 mmsaaauemewaman; (nang) tazuuusaesun 1151n51 MATLAB Simulink (619)
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Y o d . .
4.4 Namim’aﬁ]aaummgnﬂmmmu‘um)mmmeﬂtﬁﬂmaﬂi (Model Validation)
o a J . o
TunsAT1doUANNYNADIVDINDUTIADINIAUARIAAT (Flight test data) 1114
o ¥ A . ~ y X s < & &
Tagmstloudyaraandt w5o Input signal (Mgnasniulassonduis PX4 Fatfoudanis
] 4 . o 9 1 S Y 1 g}z o j’ v o
H1UDDSA Pixhawk 3 Pro lviigunsal 1dun wemes 13utlssouns 4 @1 waznaiiuaiaay
[ a3 1 a [ o a 4
137319213) 1 Ailero, Elevator, Rudder 5z¥1191iunaasn) lddunuuiiasinansamians
udniounadynIMnN15A0UTUDI (Output response) NUFYQINUNITADUAUDITOYAVINHA
Y
MTDUNATDY 1HAUIVBUNTILNINTAUNINIINTDY (Attitude) 11 14i1uA STABILIZED
= . Y o Y Y v o
FIHANIADUAUDINT Roll 1o Pitch gnaauan 13 Tasdyanandndeuldnunuusians
=) I [
n1aasiaf1aasa21iu Roll angle command 1182 Pitch angle command Taovg 1% dayay1as

I L Y @ 1 dy
M3noUaueuiU Roll angle feedback 118 Pitch angle feedback Taglrinansgilae 11Tl

10 7] L L
8-
T —— - ——
— 6B
2 | Helicopter Flight Mode
o 4
i) |
a |
= 2!
+ |
Bl Lo A B\ e
{ N
= | A/ X bW, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,\
g2 A
—Simulated Roll Angle Output
-4 —Actual Roll Angle Output from Flight Data !
Transition Flight Mode|
-6 :
1 |
0 5 10 15 20 B 30
Time (s)

517 4.29 n3lfSouMen5E1 19 Roll angle setpoint (Input [dUT1AQ) 1ag Roll angle

a3

feedback (Output [ UF1H1TU)

Pitch Angle (Degree)

—Simulated Pitch Angle output X |
—Actual Pitch Angle output from Flight Data v

o 5 10 15 20 25 30)
Time (s)

517 4.30 nslfSoufensz 1IN Pitch angle setpoint (Input tdUFIAS) 11AZ Pitch angle

v
2 o

feedback (Output /U1 TU)
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[ ] 1o o a ¢
MINNIAOINNT AU DR UNTYYIUNTADVAUDIVOILVUTIA0IN AT AR TAS

o o 9 a 9 ~ o 13 Aa
fudyaianisaeudusvindeyantsty lllunur TdwRerdu uadlinnuianaia

< ] 1 J a | 4 Y

(Error) Tuegthe wu TudruTnuamstuaewld (Transition) 1io991nAududou
4
TAgBIINIAYRINGANTIUNIINATA (Dynamic behavior) ¥4 TRUAV Tuaanmisiuim il
1 o o a J @ a o
Haoudegs mssziaesliuuudasanundiamdaimiloud101MAeIus 9 100% 399
1 1o o ¥ ] ) o o @ a {
Idneudreein uadnunsiassiinuiudimesziirliiiniseonuuuainrvgumsui

muzaudmsu Inuamsdunlasumaludvuas i

45  MILRNULUAINIVANMITY
451  MINUNMITUILY MRAC/PID #l5ngm315ua1 Gain uuy MIT Rule
1. HAaMIHIUUTIA0INNANAFNTASUDITZVY (Plant)
[ 4 z:; 9 LY [ [ d‘
nnmsszyenanual luuni 3.6.1 lalsnvunteTounvn luneotilos
(Discrete transfer function) ﬁﬁnmtj 4 (Sampling time) 0.001 9 daae lli

N1FADUAUDUFI Roll

P 0.003884 -z
nFB = — (4.18)
lat z +1.927-z +0.9271
N1IADUAUDUYY Pitch
a,, 0.01736°2
—_— = 4.19
7 (4.19)

2
lon z —1.867-21+0.8672

o a 4 Aa
2. HAMIMLUUIIAINIAAUAFMENT 91999 (Reference Model)
5% Overshoot 1Az 1281 1UN 1519 1gauga (Settling time, Ts) 2 3U17

A < P ° A 7Y a o &
E]ﬂla@ﬂL‘IJLli]ﬂ‘]_ligﬁQﬂGlUﬂ"li‘Vi”lll‘]J‘]Ji]"lﬁﬂﬂVINﬂﬂ!@]?ﬁﬁ@]ﬁ@”ﬁ@ﬂﬂTﬂﬁﬂJﬂTﬁ@Nu

T = — (4.20)
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—QTC
_rr2
%08 =100-¢ V' ™° 4.21)

12 14A1AMUDTITUBIA (Natural frequency, ) 1aLBATIAIUNUI

(Damping ratio, §) faneliil

(Dn = 5.8 rad/s (4.22)

€ = 0.69 rad/s (4.23)

naznngtuuusddunisTou

2
@

B = : (4.24)
2 2
» s +200 s+

S| o

2

Q)

n

FB _ (4.25)
2 2
» s +20M s+

ol

22 181

33.6
p
= (4.26)

p 2
s s +8s+33.6

33.6
B = 4.27)

2
sp s +8s +33.6

ol Qa

3. HamMIMINgMsUsuAT gain
Y
1MAM3IeNUUUNA 1n15VA1 gain Y89 MRAC/PID lanadase 1yl

N15ADUAUDUYY Roll
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dK B ol B o)\ Oe | Oppy
i = Vo =V A (4.28)
P 8Kp P\ e || Oppy 8Kp
0J
— = 4.29
Oe ¢ (4.29)
Oe
=1 (4.30)
apFB
o, 0.003884z — 0.003884z
ok | 5 (Psp —Pgp) (4.31)
p z —2.927z +2.8541z — 0.9271
dK 0003884z — 0.0038842
d_tp - _yp(pFB_pref) 3 (psp_pFB) (4.32)

2 —2.9277" 42.8541z — 0.9271

Tag ypwhﬁ’u 0.015

dK. 0J 0J \[- Oe | Opgy
ARl ) (< |3 | 4,

dt ok il de | opy, | oK, (439
0l
S 4.34
P (4.34)
Oe

=1 (4.35)
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.y 0.001X 0.003884z

= (Psp —Ppg) (4.36)

3 2 Sp FB
oK, 7 —2.9277 +2.8541z — 0.9271
JK. 0.001X 0.003884z
= Vi TP)| 2 (psp ~Prp)  (437)
7z —2.9272 +2.8541z — 0.9271
Tav v, 1111 0.015

de B 0J B g Oe ﬁpFB s
& = Vaok T Tl g | opy, | o, |
0]
— = 439
Py (4.39)
Oe

=1 (4.40)
apFB

2
5 —0.003884z + 0.0038847
Pry
oK 3 y) (psp _pFB) (4.41)
d 0.001z" —1.927-0.001z +0.9271-0.001z
dK —0.0038847" + 0.0038847
d —

=Y. (Ppg ~Pyer) (Psp —Ppg) (4.42)
dt dEEB T 00127 —1.927-0.0012° +0.9271:0.001z | T P

Taw 1111 0.015



NIADVAUOUYY Pitch

oJ ol \ Oe | Oqpy
~ ek T | ae | agy )| ok,

2
0.01736z — 0.01736z

dK
P

dt

dK.

1

dt

o) o1\ Oe | Ogpy
- ik, T NG| g, || ok,

z —2.8672z +2.7344z — 0.8672

0.01736z — 0.01736z

= _yp(qFB_qref) 3 2
z —2.8672z +2.7344z — 0.8672

Tag ypwhﬁ’u 0.015

104

(4.43)

(4.44)

(4.45)

(4.46)

(qsp —dpp) (4.47)

(4.48)

(4.49)

(4.50)
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O 0.001% 0.01736z
ok | 3 2 (qsp —qpp) 4.51)
i 7z —2.8672z +2.73447z — 0.8672
dK. 0.001X 0.01736z
a = Vil T e)| s (qsp —qpp) (4.52)

2 —2.86722 +2.73447 — 0.8672

Tav v, 1111 0.015

dk, L oJ Ly @ Oe |\ Oqpy s
dt 10K, 4| Oe || Oqpy || OK, '
0J
— = 4.54
e e (4.54)
Oe
=1 (4.55)
aC‘FB
oq,, ~0.017367" +0.017367
oK - 3 2 (qsp_qFB) (4.56)
d 0.001z — (1.8672%0.001z )+ (0.8672%0.001z)
dK —0.017362° X 0.01736z

d — —
dat _yd (qFB qref)

3 2 (dsp —Cpg) (4.57)
0.001z —1.8672-0.001z" +0.8672-0.001z

Taw 111 0.015
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452 fIMUANMTUIUD MRAC/PID 7150gm515uA1 Gain 50D Lyapunov Stability
[ o o { I
Tudruveingnisdfudauuy Lyapunov N 1% lunisnaaeuagiiunny
@ YA N o (v @ Y . v A A
anuaudadiu-Uswusdsuaa 18 (Adaptive PI controller) TagagdaliianruauuuuoyWus
19y 1 I 1 ~ Y A a
(D-Controller) 8gA28 uavziuanen lasldmasimnzaunnHanmsiunaaauoInifeIl
TRUAV
1. HAMIHULUUTIAINAAAMANS 19849 (Reference Model)
5% Overshoot 1Az 1281 1uN 1519 1gauga (Settling time, Ts) 1 AU17

A g a' ° a sy a
gﬂ!,a'ﬂﬂlfﬂui]ﬂﬂﬁ%ﬁﬂﬂiuﬂ'ﬁﬂ“!ﬂ‘lﬁﬂﬁE]\ﬁ/ﬂ\iﬂﬂm?’nﬁﬁi@%?@\i.

4

Ts = T(Dn (4.58)
—g'ﬂ:

%0S =100 V' (4.59)

12 18A1AUD 5ITUYIA (Natural frequency, ) UHAEBATIAIUHUI

(Damping ratio, C) fage il

® = 5 rad/s (4.60)

€ = 0.8 rad/s (4.61)

o a 4 a o 1
IﬂEJL!,‘]J‘]Jﬂ']ﬁ’é)\?ﬂ%?ﬂﬂ!ﬁﬁ']ﬁﬁiéﬁ\?@\?ﬂ?ﬂgﬂl!ﬂﬂﬁﬂﬂ%’uﬂWﬂIﬂu

o=
>

ZFB — m (4.62)

0
>

FB — m
== (4.63)
® s +B s+D_
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22 18
Py _  StH (4.64)
B = — .
sp s +9.25s +25
qFB _ S+25
&= (4.65)

2
P s +9.25s +25

2. WamInIngn3lsua Gain
N15AOUAUDUY Roll
Y ] o W any e A o Y
11NM5 1A M3U5UAMUDIT Lyapunov Stability Tuund 2.4 4114

Y
T&ngmssudivesat Gain ifudsde il

de o - .

dt = Yle[pFB _psp _psp] (466)
dI<i .

= yze[pFB—j(psp —psp)dt:l (4.67)

ludruveea Adaptive Gain y 9za0e1da 11000 9 1Ho991nn151 UM
Y93A1 Gain PI 1A% Lyapunov Stability 9zA0U%19901 1412910 (High sensitivity) ¥1na1 y
= a 1 . ~ v W = = 1 Y a 1 v Y
narganuly A1 Gain P1 I TemailSuarsuiiamn deaawalimannuy liaugadvszun1a

w2 lémn Y, =0.0001 uaz y_=0.001 Taoliaunsofianiiuan 1 iiesnn
a a d v A 1 A Y1 =
vziiamsaziialaidu Lyapunov i V 20 dele vy >0 191K, = 0.003 nuil

N1IADUAUDUYY Pitch
Y @ 9 = Y ax A v W a 9
AEndnNT NI UAITAITASINUAUNTADUAUD AT Roll 92 19

Y
nM3USUAIHIAN P Gain dIMSUNTADDEAUOUFA Pitch Aserumsao 111

dK

q _ .l N
dt - yle[qFB _qsp _qsp] (468)
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dK.
= yzé[qFB [, —qsp)dt:l (4.69)

Tag y,=0.005 1Az y_=0.005 981 K, = 0.003 Ash

4.6  HAMINATIVAINIUANMIVY
4.6.1 WAMINBVAUDIVEI MRAC/PID Mengm35udauun MIT Rule
nnmstleudayanaundi (Input Signal) Maramsiunageulinunuuiias

999 TRUAV lumovlding MATLAB Simulink ldnamsaeuaussdsgaeluil

—Roll Angle Output

s —Roll Angle Setpoint
8 5 ; ‘
(o))
5}
Q
K
20
<<
©
14

-5

20 21 22 23 24 25 26 27 28 29 30
Time (s)

317 431 m3aevauousd Roll TuTnuansivn/agwmle (Transition flight mode)

M5ADUAUDUTI Roll TuTvinan1sUudaeutne (Transition flight mode)

A Y v [ ~ Y = ? a A .
LﬁJi’]GlGIfﬂallﬂ‘]JTU@’JLLU‘U MIT Rule Llﬁﬂﬂﬂﬂg‘ﬂ‘ﬂ 431 ITUTUIIU AD Setpoint YOIYN Roll Liag

@

L’s‘%f}u?’flmﬂ Ao FyaNV 100NV Roll

99 q

—Pitch Angle Output
—Pitch Angle Setpoint

Pitch Angle (Degree)

Time (s)

319 4.32 mynvvaue U Pitch TuTruansulasuma (Transition flight mode)
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a ¥ a A

deldnalnlfudnun MIT Rule idu@iiSufe Setpoint Y9931 Pitch

uadudIAIAodANUUI0ONUYBIYN Pitch
9 Y ' v Jq ¥ o

1NNT NV IAUNY I waﬁmnﬂizqﬂﬂ%mm“}mmmu MRAC/PID
[ 9
ﬁﬁﬂaﬂWﬁﬂﬁUﬁﬂ]LL‘U‘U MIT Rule NULUUIIAD9UDI TRUAV UU NITADUTUDITYYIUVIDON
oI Roll 1o Pitch a@mnsamz 1 lunuima@onny Setpoint 18 Fananen1uan TRUAV
aunsasnauaa ld luvagiimsiu

462 WAMINOUAUBIVDY MRAC/PID Mangmsl5uauun Lyapunov stability

y a EERYS ) o Y
Lﬁ’awqfuu’ﬂﬁ’m’JiJﬂiJmi‘LIul,l,‘LI‘]J MRAC/PID 14159 NIN1TAIUANUAY

L)

o

nM3USVAIDY Lyapunov Stability Ideg1agnaeunminzan Jedesdiminadeualedanm
Y . [ = 1 dy
Y191 (Input signal) Hane o LYY AInsainaaaUae lH
1. PSADVEAUDUYHY Roll
a) FYLIUVUTULUAAY Sine ANUDAIN 0.01 Hz YUIA +5 039N
P . . A °
a 5oWA1IT MATLAB Simulink Tuvaiz TRUAV (lugiuuudians
A 14 o a a a 4 A
nAgiamMand) instudlre TnuanstunuUiganelnes 11828 Throttle 1U5zanas
2 & PR A g A A ~ o
50% Budwdosiduanmuizanlunistuniategnateernalunulng (Neuny TRUAV
o v . ' o a J
dmadou) dyga Sine gnateliuuusrassnnaamansves TRUAV lugduuuaes
A1 931 Roll (Roll angle command) 1 UVAAY Sine A2 1WDAIN 0.01 HZUUIA +5 0961
o o o . { ' @ ° a Jd o
Tuamgi@oanud1dayu Pich A9 0 09s1 gnitelinuuuuTIaeanendiamaasiFuny

Y
Taslisieaz@eauazHansnaaauadas 1il

) b —~Roll Angle Output
-~ =Roll Angle Setpoint

o) % O\ a\

Roll Angle (Deg)
o [S
\\\
/_,,
\\\
\\

\\/ \/ \\/ \\//

0 50 100 150 200 250 300 350 400 450 500
Time (s)

7191 4.33 m3nouauevB I Roll iWognnszqualedya uv Y Sine



3

3

i1

il

=
N

=
N

Roll Angle (Deg)

—Roll Angle Output
~==Roll Angle Setpoint

10 20 30 40 50 60 70 80 90 100
Time (s)

5UM 4.34 MmaerensaoUAUBIVBIYN Roll tiipisuAulTuAT Gain

Roll Angle (Deg)

4 \\ -
o
6l ! — 1 . .. W' . —_— = 1 — —
400 410 420 430 440 450 460 470 480 490 500
Time (s)

6 ! —Roll Angle Output
- ==Roll Angle Setpoint

o/ \

”

435 MNVLIBNTADVAUBIVBIYY Roll HAINI515DA1 Gain 1) 500 Jui

Q
i
x
a
&
T
4
S04 |
11
! y‘ —Roll Rate Command
0.6 { Roll Rate Output of Reference Model
L —Roll Rate Output
-0.8
0 50 100 150 200 250 300 350 400 450 500
Time (s)

436 MIADUAUDIVDIOATINT Roll 1lognnTzquAledaa v uy Sine

110



€an
=D.

Roll Rate Error (deg/s)

0 50 100 150 200 250 300 350 400 450 500
Time (s)

37 AUAAAAADUTEHIIONIINT Roll Y93 TRUAV AUSHAIIAT Roll

YOIV UTIADIN AN AN D190

1.000006

1.000005 [

1.000004

1.000003

1.000002

1.000001

1

Gain Value of Roll Rate Control

2.0.999999 -
4
0.999998

0.999997
0

50 100 150 200 250
Time (s)

L =R L ==
300 350 400 450 500

3UM 4.38 A1 Gain K, ¥99M3AIVANEATING Roll

0.220002 7 :
0.220001
0.22 {

|
0.219999 W

0.219998 -

Ki Gain Value of Roll Rate Control

0.219997 |- 1

0.219996 L L ! L |
0 50 100 150 200 250 300 350 400 450 500
Time (s)

3109 4.39 A1 Gain K, ¥99713A71AUBATINT Roll



112

b) 1WEEUNIVHANTADUTUBIVBIAIAIVAUMIUUANAVAINIVAY

msdulninwannuulusending MATLAB Simulink

) QU

nasnnhmstloudyanaundimdusaunuudyanaglamaon

U ° a 4 J . . Y :
HT’]’GTLL‘UU%'la@\‘]ﬂ'lﬁ‘ﬂutﬂu“]fﬂwgllwﬁ MATLAB Simulink GlUﬁ'JUﬂ']ﬁﬂ'JUﬂillqlil Roll “?ﬁwaﬂ'li

Y

a 1 o a s Y v 1 dy
‘]Ju‘ﬂﬂﬁ'f)‘ﬂNTL!LL‘U‘U%1@1@\11/]1\1?]&!%?’”?(%31@]Naﬂﬂﬁ@ulﬂu

15 ! ~--Roll Angle Output (PID)
—Roll Angle Setpoint
----- Roll Angle Output (MRAC)!

Roll Angle (Deg)
)

1 1 1
20 25 30 35 40
Time(s)

T T
15 ---Roll Angle Output (PID)
—Roll Angle Setpoint
-==Roll Angle Output (MRAC)

Roll Angle (Deg)

1 1 |
340 345 350 355 360
Time(s)

1 4.40 nSeifeumamsaeUAUBIVEIYY Roll INHANMITIA0INATAMETAT

11031 4.40 1f50uNBUNANITADVAUDIVDIYN Roll 91AWANIT

U

o a ’ & @ (% [
1009 AAARIaAT B919A21A109UIUY MRAC/PID ¥a991NNAT0UA 0Ty 0y 194U 191

MduFayunnedudyg vzl vasunaznInoUaAUeIUDIYN Roll 9INHANITT 104

[N

a S & @ 2 o v @
NINAUAFITNT %Qi%}ﬁjﬂﬁﬂﬂullﬂﬂpn) ANUU ﬁ’f] Yue MRAC/PID IsuMsysua uay

1 A o % % d[
NNaN AD Yus MRAC/PID Vl']ﬂWi‘]Jﬁ‘iJ@]’)Vlﬂ‘izﬂgl'JﬁWWu\‘]



113

1
---Roll Rate Output (PID)
—Roll Rate Setpoint

----- Roll Rate Output (MRAC)

Roll Rate (Deg/s)
w & (5] [=2] ~
o o o o (=3

N
(=]
T

Time(s)

o ---Roll Rate Output (PID)
70| i —Roll Rate Setpoint
2 1 I Roll Rate Output (MRAC)

Roll Rate (Deg/s)
N @ & o @
S 8 8 8 8

=)

(=]

=)

420 421 422 423 424
Time(s)

'S
=3
&
©

71U 4.41 nfFeumeunansneyaueveI8nIINII)a8UYN Roll 1INHANITTABY

a J
NNAUAATANT

10317 4.41 WFsuMeuRanMsno VA UDIYRIONIINMTIIA8UYN Roll
o a s & < [ @
MNHAMITIABINNAtamaas 314@InIuauIIY MRAC/PID HaI0INNadeuR ey 10
udmduFuInaaudynIaglTrasy uaznseeuaueIveI8asINsasuyN Roll
o a s @
MINHAaN1ITIaeInAliamans 3 1¥aI20qNuUY PID NIWUY AD YUE MRAC/PID
A o [ v 1 =) o v o dl
FuMIUSua taznwan fie umz MRAC/PID imsdiuaa lszeznamile
9 v

nniuihnsteudygimvudrfidusayy (Roll uag Pitch) A1g
o o ¥ A A < a U ° Aa
dyaravudimdudayuannamsdunadeunudoyansdudiguuusiassnisiu

4 J : a ' o a J
UusaALI5 MATLAB Simulink G?\?Waﬂ’liﬂuﬂ@ﬁﬂﬂW'luu‘]ﬂJ%'lﬁfN“lﬂ'Nﬂmﬂﬁ']ﬁﬁillglj

9
Wanano 1



---Roll Rate Output (PID)
—Roll Rate Setpoint
~==Roll Rate Output (MRAC)

Roll Rate (Deg/s)

1
10 12 14 16 18 20
Time(s)

22 24 26 28

d' = v A
qij‘]J‘I/] 4.42 LIGEJ’UL‘V]EJUNﬁﬂ1§¢]@ﬂﬁuﬂﬂﬂl®\1@@51ﬂ1ﬂﬂﬁUulqlll Roll

o a 4
INAANTTVIADINWAUAFITAT

< a o A
mngﬂ‘n 4.42 ﬂ?ﬂumEmwamma‘uﬁuawmammmﬂaaugu Roll

114

MARanITasInuAdiamans aelEiinunuIIY MRAC/PID HaIInnado R 0dyaal

o & a a < a o :
ﬁumgfm”lmL“ﬁmumﬂNamiuuﬂﬂﬁamﬂu%gami‘uu Llﬁgﬂ@ﬁ']ﬂWﬁL‘]JafJu‘J}IiJ Roll TIJTﬂGISJ)@Hﬁ

a & Y o o a Y a A
NTUUNATDU m"l%mmuammu PID luaagsimstuaie Tnuamsiuasumle

2. MIADVAUDUYY Pitch

a) doenuudUUAaY Sine ANUDAIN 0.01 Hz YU1A £ 5 DA

Fad1enunsiuluds Roll mdayu Pitch gnifouldnunundiasanig

Adlamanives TRUAV lusduesdyaravnamuunay Sine 21udnai 0.01 Hz yu1a

o a a a o A v
+ 5 99 mmzmmmuﬁ’a&ﬂwmmiummmaaﬂaﬂmaﬂuummmﬂ Throttle sz 50%

v
(2

= d A a g A 24 % A ~
G]Nl,ﬂuﬂwm/mwﬁiJGlUﬂﬁ‘UuﬂNuQ | ﬂa’]\iﬂ’]ﬂ']ﬁsluﬁlu’)ﬂ\j ‘VlﬂTd\‘ﬁgll Roll ¥A1A3N 0 931

Pitch Response (deg)
211
4 ey
SR
=
—
e

0 50 100 150 200 250
Time (s)

300

—Pitch Angle Output
== -Pitch Angle Setpoint

350 400 450

500

3UM 4.43 MInpuAUOIOIYW Pitch lognNIzAUAIod YRV Sine



i

3

i

il

=
N

3

4.45 NWVLIIMIABUAUBIVBIYY Pitch 1AWNINTUTUA Gain 1) 500 11

4.46 MIADUAUBIVDIOATING Pitch 1ioYNNIZAUABT YWY UT WD Sine

Pitch Response (deg)
o

~—Pitch Angle Output
== =Pitch Angle Setpoint

10 20 30 40 50 60 70 80 90 100
Time (s)

i

4.44 MNYHIYNTAOVAUDIVOIYN Pitch 111015 UAUYTVAN Gain

Pitch Response (deg)
N =)

L A 1 I
400 410 420 430 440 450 460 470 480 490 500

Pitch Angle Output
--~Pitch Angle Setpoint

Time (s)

Pitch Rate (deg/s)

p s s - jprs— aal
; < - s = 7 2 = .. e
J { \ I~ | \\\ // ’\ \\ -
| / o
|/
T
i
il
|
|
|
I —Pitch Rate Command 4
1 Pitch Rate Output of Reference Model
—Pitch Rate Output
1
50 100 150 200 250 300 350 400 450 500
Time (s)

115



o

>
x

o

Pitch Rate Error (deg/s)
- ~ w s

\

o

Time (s)

50 100 150 200 250 300 350 400 450 500

“]Jﬁ 4.47 ﬂ’J'IﬂJﬂﬁ'lﬂLﬂaE]‘Lli 1114951715 Pitch Y94 TRUAV NUBATINS Pitch

VOIVUTIADINNANAR AN 01904

1.000025

1.00002

1.000015 L

1.00001

1.000005
'\\J

a,

Kp Gain Value of Pitch Rate Control

0 50 100 150 200 250 300 350 400 450 500

Time (s)

‘1J°I7l 4.48 M Gaanp ﬂl@ﬂﬂ”liﬂ?l‘ﬂﬂll@ﬁiTﬂﬁ Pitch

0.0303

0.0302}

0.0301

14
Q
@

0.0299

Ki Gain Value of Roll Rate Control

0.0298 —

0.0297

0 50 100 150 200 250 300 350 400 450 500
Time (s)

ﬂ‘ﬁ 4.49 A1 Gain K, “llf)\?ﬂ']iﬂ’)ﬂﬂu’f]ﬁi']ﬂﬁ Pitch

116



117

I
---Pitch Angle Output (PID) ||
—Pitch Angle Setpoint

----- Pitch Angle Output (MRAC)H

- N
T

Pitch Angle (Deg)
5 o

59.5 60 60.5 61 61.5 62 62.5 63 63.5
Time(s)

I
---Pitch Angle Output (PID) ||
—Pitch Angle Setpoint
-—-Pitch Angle Output (MRAC)

o = N W N

Pitch Angle (Deg)

459.5 460 460.5 461 461.5 462 462.5 463
Time(s)

{ o a 4
3109 4.50 nf3BuMenMaMInBUAUBIVBIYY Pitch VINHANITTIADINNAAAM AN

131N 4.50 WTBUINBUNANITABUAUDIVBIYN Pitch 91AWANITTIAD

v

J =X

nuAdiamans ¥919aIA1UANIIY MRAC/PID HALINNAToUA 0T gy 1011 1A1d9
Fayuanaaudya e UTmMasy 1aznInoUdUeIUYOIYY Pitch 11NHANITTIABINI
adlamans F919dIn70AUUUUPID MNUUABYME MRAC/PID 5uiimsUiud uazaiwai

A o [ % d[
Ao vz MRAC/PID imsdsuaalilszeznaimiig



118

<=y
o

---Pitch Rate Output (PID)
—Pitch Rate Setpoint
----- Pitch Rate Output (MRAC)'|

Pitch Rate (Deg/s)
N w B (4] =2}
o o o o o
S > >

o

=

[,
©

59.5 60 60.5 61 61.5 62
Time(s)

-
o

- --Pitch Rate Output (PID)
—Pitch Rate Setpoint
---- Pitch Rate Output (MRAC)

@
=]

o
o

Pitch Rate (Deg/s)
w S
SO

n
(=]

=)

o

459 459.5 460 460.5 461 461.5 462
Time(s)

311 4.51 nfsumeunansnovTueIve 90T INII)Aa8UYN Pitch 11NHANIITIABY

a J
NNAUAFAITANT

4 - o 4 .
1IN31UN 451 15ouMeunansAo AU IUBI0AI 1N a8UYY Pitch
o a P o [ [

MNHEMITIaeINAliamans 39lEaaniuaNILY MRAC/PID HaIINNAT0 LA 08 a8

udmauFayunaaudygiuglmmden tazmsneuauesvesdasImalaguyw Pich

) a P o A o

naramItasInuaaamans ¥1¥aaniuquuuy PID MMWUY A Uy MRAC/PID (51
cv % 1 A o v U é
MIUSUA Lazn a1 Av vz MRAC/PID yimsdsudd llsseznaivile

Y v
viniwihmstdeoudygravudisridausayy (Roll uag Pitch) 31ndoya
a < a J o a 4 14 . .
nsdunageumnudoyansiudiguuuiiaosn1siuuusenanls MATLAB Simulink
Tuvaziinmsiudre Tnuanstulasue FInan1sIUNATOUFAIULUUTIADINIA

Y
anamans lananae 11/



119

---Pitch Rate Output (PID) ||
30~ —Pitch Rate Setpoint H
-—-Pitch Rate Output (MRAC)

Pitch Rate (Deg/s)

-20

22 23 24 25 26 27
Time(s)

v
=

31 4.52 nfeumeunanisnevaueIveIdnIINTIIa8UYY Pitch 11NHANITTIABY

a 4
NNAUAFATNT

1In31UN 4.52 1WFouMeVHANITA0UTUDIVBIONIINTIUA8UYN Pitch
NAHaMINaeINAdinmans #11¥@anruaNILUY MRAC/PID HaINNNAT UM a0
o & A a < a o : .
uimduFayunransdunagounudeyansiu uazdasimslasuyy Pich 1ndoya
a = Y v o a Y a =
Mstiunado d3lsarniuguuuy PID luvazihmstuale Tnuamsdunaeue
91NN13N52AU TRUAV A19f18931 Roll t1ag Pitch Tugdunudygin
~ { <3 J o [ [

Sine ANDAIN DLIHUIT MRAC/PID d131130W1N13AIUANDATINIG Roll AzOAII1NT Pitch
v p | E Y o 1d . 4 _
Idve1ammnzan 10317 432 Azl 433 nagg 4.40 nuglh 441 lugrausniian Gain
GulinsUsudr v 9 asaeuaueaFe Roll ay Pitch 92 I lugrannsdsudives
A1 Gain N3z I szeznamilauda (lugdaeriu il 500 3u1il) ngmisdiudiezase 9

[ 1 4 o a 14
n13U50A1 Gain K, uag K, lawvuiavesnnuaaiamieunuusiaeanangiamidas

4 4 v L4 @ < 1 [
(Model Error) Auaa1ataaeuiivuinanauionatrwiuldusnnniivgdunaiiiuiivmas

[ < & J . Ty 1 A o A
ﬂ’lﬂﬂ’liﬂﬁ'ﬂ@]jllﬂlﬂuig85!,’3'(3']1’71!\1 ] 71 Gain Kp HAT K 38 gUvIAIINNATH UINIH IS T

[

=) 1

dmsumsauan iiuiunieanasies 1 sudwmaliszundeaugamiioungms o
YUY MIT Rule

TuaIUY9INITNTLAULVUTIA0INAAAAITAT YOI TRUAV UU
wouF115 MATLAB Simulink §30d g1 vuiinindeyanisdunadeviiuzadieiy
MRAC/PID i 14na'lnU3usanun MIT Rule n31vliadeatradulug Ui 4.68 nazg1ii 4.46

1 (% o @ { v W
WU naenniszgnd lFaanIuauILY MRAC/PID #ilingn315SuAatuy Lyapunoy stability



120

fUNUUS1a0I8s TRUAV 111 n15A0UANBIY8IYY Roll 11a2 Pitch 1315 01n 1a/1u
HUINREITY Setpoint 18 Fanuenwd TRUAV amnsasnurauga l§luvmsiimstu
wonaniiiiefeungdnssunisAeduedves TRUAV 91001519
#IA2UAUUUY PID AU MRAC/PID Tunnudiassnsadinmansiiuse @i MATLAB
Simulink 131 N15ABUANEUTY Roll 1Az Pitch TamsaeuaueuFuuIazsns1nsidey
uuﬁ’u Tug9au5n# MRACPID (31310151 5@ A2A2UAUUTY MRAC/PID v 1%
wgAnssumsnevaueiisa L lsin Sinslinnuaainnien v yaaugaiieudy
Setpoint (Steady state error) a2 Overshoot 8¢ LLANAIINAIAIVAN MRAC/PID 1111515047
1 dnszez19a11iia Overshoot L1AZAINAAIAINTBY B IATUAAIABEAAA NIADVTLBN
1210164 Setpoint 1MV HFIAIUANAUANIUY PID 9283795} Overshoot HAZAWAATA

4 ] e a A 9 . Y
Lﬂﬁ@u o ﬂﬂﬁuﬂaﬂg uaﬂFl]']ﬂuWq@ﬂjﬁuﬂ']j@ﬂﬂﬁua\‘]%llgﬁ]']ﬂ PID 9¢19U1%1 Setpoint Ulﬂ

T3iem1 MRAC/PID



UNN 5

Y
Hﬂﬁ?ﬂ!lﬂ%%ﬂ!ﬁﬂﬂ!!ﬂ%

a W
51 ayUwamsIdy
[ (% a 9 C% [ = o 9
1INMTHAUIAIAIUAUNITTUYeI0InIAe U IS audunudFudeeluwala
2 o a J A @ . .
(TRUAV) 92@94/34910A151 11U UT1a09n 19 AM a7 3 15anaTa (Dynamic model) #4714
a a a o . o a 4
TumseBuiengdnssumanainues TRUAV Tagmsee lainadeunudsiaeanieasiamans
v Y
Mududniuvgdenidoyainnisiunadoy (Flight test data) W1328lunisdiuinuaz
~ & Ao Ay va o & o 19
Wiemiioy Feluauive ldiden TRUAV nuy 4 luwaitlueimeaeunagey luwaguin

Yy A

@ @ ! a a I 3 a 4 a
aunsaliuyudesluiald wenldsuanisivnnedae e filumsdunuumiesdv

[

1 @ 1 [ ] 1 A [ 1 a a 14
nase dauluna 2 g1ae vzes wnivednuses nuidugalussmstiunueaneines
[ o ] a tﬂ' a A = (% Y1 w 1 a
uavzngan s luramstunuunsesdullngse vasnn laamaulsais 9 vnmsiu

<3 A o a 4 o o A A
nageUNUTaYANITUY HUUTIA0INNANAMAATIZYNAIUIBAIUNANN B NN
Y1 @ A 2 1 Y a ] Y o ] ) 49! = 9
Tagl¥ardmlsnmnuarldanamsiunaaeuuisielinisarvrausudivy souldaalsy
~ ] ) o a 4 . . v A
TunsHeuANUUNUGIVIUVVITIABINIARAAITAT (Model validation) Had91nh 1d
o a P v o o Y a v v
uuUTaeInNAdamaas L UG uiieanondl 1M IeenLUUAIAIIANMS TunuDlTua)
a o a 4 [ 1 . .
lagredanuusiasanenaiameansuuulsual Gain PID (Model Reference Adaptive Control
(MRAC) with adaptive PID, MRAC/PID) #9090ntuunuou luaiiudesmsniuquitnang au
(Control requirement) 1#9AIUANEAT 1N 151/ A8 UYL Roll uag Pitch Y09 TRUAV lagldng
Y
M3dsuan (Adaption rule) 2 1111 A MIT Rule Llag Lyapunov stability NNUUNMMINAADY
U [ o a 4
AINIVAUAVUDUTIADIN AN TAS
511 msdamemamul3audunuulSudaduiald (TRUAV) nazliwiudeya
msliu
a o I Y1 o o o [ o %
mansiunagey TRUAV f11# lamaansdragdmsuii ldesnunudn
AVANMITY Ao
] = [ 9 d' d’ 9y
1. szeznanlumsdSuyudesluwa lfefiyy VT TILT TRANS iodiis
115980 (VT_F_TRANS_DUR) {f1 5 3u

2. szeznamavinaluramstulaswwla (VT_F_TR_OL_TM) {1 9 3119



122

o g’/ 1 [ = 9 d' a a =1
3. szeznaniuaua luna llidesdeiiyy VT TILT TRANS fia1 1.3 2u1i
= A kY A 1 Y S 1 = [
4. ywdesn lddane lildi@oussen VT TILT TRANS 1iA125 oA uilounuiug
o 23
FTAVFUU
= Y] d' ] ] a d‘ a A =< =]
5. yudesluwavazneglurianisiuuuunsealiuillnasa VT_TILT FW 1A
o o o 23
85 DA UNIUNVUUITEAVTUU
o a d o v [y
512 MIMUUUIIAIMIANAMEAS (Dynamic model) viTuoimeasnyl3auduy
nuudSueasuald
o A d o 9 ¥ A ~ a
panmsvUTasmendiamaas i laaumsmsnaeunlu 6 esmdasey
= v &
Fa1lsznovlUareaun1sueansd 3 aun1s uazauMIsVed LINUADN 3 AUNIT 1ASANNIT
g‘/ dy 9 d @ a o YY) Y 1
14 6 Hilszneu lddreusanaz Tuwud sumanneIMANamans szUUTVAY usa TN
A o [ Y = 9 a Y v o
vaziifeimsnaseutloudyyravndidadlduiainnsiunaaesuldnuuuusiaos
A s v R ° A Y o o o
neAdlamaninyii e nuldmsaeuauesueauuIIadn 1naineent TRUAV d1naasy
< ] o A Pt 1o o A o o
wurenNuNLUUaesnadamaaiiianuiud luszauinii lleenuuudniugy
a 14
msiula
513 PMI9aNUULAIAIUANMSTHEA MU IIMsTuaguvla (Transition)
Y
HAYDINITOONULUAIAILANNITTULIY MRAC/PID Nauvuna lndSuaa
%@ MIT Rule 1182 Lyapunov stability 18@2A20ANM5 TUHTN15U5UAT Gain MIAIUA1
o a P @ o a 4 Aa
YOINTABUAUDIVDIUVUTIA0IN AU AAT N1 1AN VUV VT 1a0IN19AAAAAAT 51994
A 1A v o = ' LA a '
(Reference model) 84A1uANUUIA 1YY 99310151 Aeunilasa PID Gain g3tvuialvig
Y g’/ ) o 9 = Y a Y v o
aw lddae antuiinsteudyanavudrde ldauininnstunaaenlinuuuusiass
nundamaniniild AgnaunNa108IAUANLLD MRAC/PID WUI1A1SABUAUDY
Aa o <3 1 o
(%4 Pitch 11ag Roll Y04 TRUAV @n3soime 11/ Setpoint 1o uaaaliimiuinlunanmsiass

(Simulation) TRUAV @sasneiaugavaziimsiula

Y
5.2 ValaUdUUS
Y Y
n1515zgnd l¥dan1uquuuy MRAC/PID Tuaiuiteiigniiiiuuunissiaes
9
(Simulation) 111U TunsasgeasuIssanisarin MRAC/PID lililszgnd 147y TRUAV

RN GRS LLa$ﬁ1ﬂ1iﬁuﬂﬂﬁ@ULﬁ@ﬂNﬁﬂh’@]ﬂ‘uﬁu@ﬁﬂlﬂﬂ@hﬂ’)ﬂﬂhﬂWiﬁu



318N1591999

A. BLOCKSET. (1995). Version 1.2 User’s Guide Unmanned Dynamics, LLC No. 8 Fourth St.
Hood River, OR, 9703(503). 329-3126.

B. M. Kim, K. C. Choi, and B. S. Kim. (2007). Trajectory tracking controller design using neural
networks for tiltrotor UAV. In AIAA Guidance, Navigation and Control Conference
and Exhibit, 2007, 6460.

C. Chen, L. Shen, D. Zhang, and J. Zhang. (2016). Identification and control of a hovering tiltrotor
uav. In 2016 12th World Congress on Intelligent Control and Automation (WCICA),
2016: IEEE. 2226-2231.

C. Papachristos, K. Alexis, and A. Tzes. (2011). Design and experimental attitude control of an
unmanned tilt-rotor aerial vehicle. In 2011 15th International Conference on Advanced
Robotics (ICAR), 2011: IEEE. 465-470.

C. Papachristos, K. Alexis, and A. Tzes. (2013). Linear quadratic optimal trajectory-tracking
control of a longitudinal thrust vectoring-enabled unmanned Tri-TiltRotor. In IECON
2013-39th Annual Conference of the IEEE Industrial Electronics Society, 2013:
IEEE. 4174-4179.

G. C. Goodwin, S. F. Graebe, and M. E. Salgado. (2001). Control system design. Prentice hall
New Jersey, 2001.

G. Flores and R. Lozano. (2013). Transition flight control of the quad-tilting rotor convertible
MAV. In 2013 International Conference on Unmanned Aircraft Systems (ICUAS),
2013: IEEE. 789-794.

I. M. Mareels, B. D. Anderson, R. R. Bitmead, M. Bodson, and S. S. Sastry. (1987). Revisiting the
MIT rule for adaptive control. In Adaptive Systems in Control and Signal Processing
1986: Elsevier, 1987. 161-166.

J. F. Horn. (2019) Non-linear dynamic inversion control design for rotorcraft. Aerospace, 6(3). 38.

J. D. Anderson Jr. (2010). Fundamentals of aerodynamics. Tata McGraw-Hill Education, 2010.

K. Lu, C. Liu, Z. Wang, and W. Wang. (2016). Modeling and control of tilt-rotor aircraft. In 2016

Chinese Control and Decision Conference (CCDC), 2016: IEEE. 550-553.



124

K. Ogata and Y. Yang. (2002). Modern control engineering. London, 2002.

M. E. Dreier. (2007). Introduction to helicopter and tiltrotor flight simulation. American Institute
of Aeronautics and Astronautics.

M. V. Cook. (2012). Flight dynamics principles: a linear systems approach to aircraft stability
and control. Butterworth-Heinemann, 2012.

N. S. Nise. (2020). Control systems engineering. John Wiley & Sons, 2020.

N. V. Hoffer, C. Coopmans, A. M. Jensen, and Y. Chen. (2014). A survey and categorization of small
low-cost unmanned aerial vehicle system identification. Journal of Intelligent & Robotic
Systems. 74(1-2). 129-145.

P. Kumar, J. E. Steck, and S. G. Hagerott. (2015). System Identification, HIL and Flight Testing of
an Adaptive Controller on a Small-Scale Unmanned Aircraft. In AIAA Modeling and
Simulation Technologies Conference, 2015. 1803.

P. Kungwalrut, M. Thumma, V. Tipsuwanporn, A. Numsomran, and P. Boonsrimuang. (2011).
Design MRAC PID control for fan and plate process. In SICE Annual Conference 2011,
2011: IEEE. 2944-2948.

P. Niermeyer, T. Raffler, and F. Holzapfel. (2015). Open-loop quadrotor flight dynamics
identification in frequency domain via closed-loop flight testing. In AIAA Guidance,
Navigation, and Control Conference, 2015. 1539.

P. Woodrow, M. Tischler, G. Mendoza, S. G. Hagerott, and J. Hunter. (2013). Low-cost flight-
test platform to demonstrate flight dynamics concepts using frequency-domain system
identification methods. In AIAA Atmospheric Flight Mechanics (AFM) Conference,
2013. 4739.

R. C. Nelson. (1998). Flight stability and automatic control. WCB/McGraw Hill New York, 1998.

R. G. Hernandez-Garcia and H. Rodriguez-Cortes. (2015). Transition flight control of a cyclic
tiltrotor UAV based on the gain-scheduling strategy. In 2015 International Conference
on Unmanned Aircraft Systems (ICUAS), 2015: IEEE. 951-956.

R. K. R. Mark B. Tischler. (2006). Aircraft and Rotorcraft System Identification Engineering
Methods with Flight-Test Examples 1ed. Reston. VA: American Institute of Aeronautics

and Astronautics. 69-81.



125

S. Anbu and N. Jaya. (2014). Design of adaptive controller based on Lyapunov stability for a CSTR.
World Academy of Science, Engineering and Technology International Journal of
Electronics and Communication Engineering. 8(1). 176-179.

S. Bhandari, P. Navarro, and A. Ruiz. (2017). Flight Testing, Data Collection, and System
Identification of a Multicopter UAV. In AIAA Modeling and Simulation Technologies
Conference, 2017. 1558.

S.-E. Oltean, M. Dulau, and A.-V. Duka. (2016). Model reference adaptive control design for slow
processes. a case study on level process control. Procedia Technology. 22. 629-636.

S. G. Anavatti, F. Santoso, and M. A. Garratt. (2015). Progress in adaptive control systems: past,
present, and future. In 2015 International Conference on Advanced Mechatronics,
Intelligent Manufacture, and Industrial Automation (ICAMIMIA), 2015: IEEE, 1-8.

S. J. Qin and T. A. Badgwell. (1997). An overview of industrial model predictive control
technology. In Alche symposium series: New York, American Institute of Chemical
Engineers. 93(316), 232-256.

S. Pankaj, J. S. Kumar, and R. Nema. (2011). Comparative analysis of MIT rule and Lyapunov
rule in model reference adaptive control scheme. Innovative Systems Design and
Engineering. 2(4). 154-162.

ST 0601.8. (2014). UAS Datalink Local Set, M. 1. S. B. (MISB), 2014.

S. Vassilyev, A. Y. Kelina, Y. I. Kudinov, and F. Pashchenko. (2017). Intelligent control systems.
Procedia Computer Science. 103. 623-628.

S. Xiao, Y. Li, and J. Liu. (2012). A model reference adaptive PID control for electromagnetic
actuated micro-positioning stage. In 2012 IEEE International Conference on Automation
Science and Engineering (CASE), 2012: IEEE. 97-102.

S. Yanguo and W. Huanjin. (2019). Design of flight control system for a small unmanned tilt rotor
aircraft. Chinese Journal of Aeronautics. 22(3). 250-256.

V. Klein and E. A. Morelli. (2006). Aircraft system identification: theory and practice. American
Institute of Aeronautics and Astronautics Reston, VA, 2006.

V. Nath and R. Mitra. (2014). Robust pole placement using linear quadratic regulator weight selection
algorithm. Indian Institute of Technology, Roorkee, 3. 329-333.

V. Valkov. (2017). Creating a Neural Network from Scratch-Tensor Flow for Hackers (PartIV).



126

W. Saengphet, S. Tantrairatn, C. Thumtae, and J. Srisertpol. (2017). Implementation of system
identification and flight control system for UAV. In Control, Automation and Robotics
(ICCAR), 2017 3rd International Conference on, 2017: IEEE. 678-683.

W. Wei, M. B. Tischler, and K. Cohen. (2017). System identification and controller optimization of
a quadrotor unmanned aerial vehicle in hover. Journal of the American Helicopter Society.
62(4). 1-9.

X. Zhou, C. Yang, and T. Cai. (2016). A model reference adaptive control/PID compound scheme on
disturbance rejection for an aerial inertially stabilized platform. Journal of Sensors, 2016.

Z. Chen, C. Yu, and J. Yang. (2005). Dynamic modeling using cascade-correlation RBF networks
for tilt rotor aircraft platform. In 2005 International Conference on Neural Networks
and Brain, 2005, vol. 1: IEEE. 26-31.

Z.Liu, Y. He, L. Yang, and J. Han. (2017). Control techniques of tilt rotor unmanned aerial vehicle
systems: A review. Chinese Journal of Aeronautics. 30(1). 135-143.

Z.T.Dydek, A. M. Annaswamy, and E. Lavretsky. (2010). Adaptive control and the NASA X-15-

3 flight revisited. IEEE Control Systems Magazine, 30(3). 32-48.



MANHIN D

g1Un3aives Tiltrotor UAV



.1 ginsalved Tiltrotor UAV

1. Volantex RC Ranger EX Long Range FPV UAV

N

“l

Do

bl 1/ 1.1 Volantex RC Ranger EX Long Range FPV UAV

128

< 9 o A a a4 = . . 0w
Ranger EX Lﬂu@']ﬂ']ﬂﬂ']uuliﬂum‘ﬂuﬂuLﬂﬁ@\iﬂuﬂﬂﬁﬁq (Fixed wing UAV) ?113U

a vy A 1 9 ag - . A A J 4
uuizazhlﬂammgwmuﬂﬂaw 1 muﬂammia (First person view, FPV) UIAT9IYUANDINDT

Tfhsuau 1 1nTegeud

' 4 4 a o 1
2. LWNﬂ']i'U@uulWLﬂﬁiﬂ'J'mﬂ'n 89 IHUAUAT TUIU 2 LN

U n2 unamiveulvliues



129

3. wewes 13ulseou (Brushless motor) SunnySky X2820 314U 4 @)

51 n.3 worne$ 13159011 SunnySky X2820

4 o @ @ o o @
4. wowoswoes Indmsumsdsudelusia RDS3115 MG $1u7U 2 #2

5107 0.4 vorwes e IdmsumslSudeelusia RDS3115 MG

QU

5. Electronic Speed Control (ESC) XRotor-40A 314U 4 !

317 1.5 ESC XRotor-40A



130
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12. 3DR Telemetry 500MW 915 MHz

319 n.12 DR Telemetry 500 MW 915 MHz

13. Mo Pitot-Static
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Absirace—Thiz paper presents methodology to determine
dynamic models and the suitable controllers for FY450 Firefly
quadcopter. Frequency response system identification technigue
via software package Comprehensive Identification from
Frequency Response (CIFER) was applied in this research.
Pixhawk hardware with PX4 Flight stack firmware was
implemented as a flizht controller, The measurement of inputs
and outputs during hovering flight maneuver with frequency
sweep input was utilized to determine the unknown parameters
of 5I50 mathematical model. Then after mathematical models
were identified, the dypamic medels of roll, pitch and yaw
response respectively were employed to tuning the gains of PX4
controller structure with globally offline optimization techmique.
‘With this presented method, satisfied flight dynamic: meets the
desired performances without the requirement of numerous in-
flizht taning.

Keywords—System Identificanon, PID, Quadeoprer, Frequeney
Response.

I INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have become a new
trend to take place manned aircrafts in some missions that not
sutable for manned amerafts due to high cost or hazard
condition. Especially nmultirotor UAVs are in great demand
according to theirs low cost, easy to operate and various types
of application. Furthermore low cost flight controllers. such as
APM and Pixhawk, are available with open source software
that make it comfortable for users to implement [1]. Due to
naturally unstable configuration of nmltirotors, flight control
system must be developed to stabilize and maintain handling
quality [2].

According to [3], system identification 15 a methodology
that often use to determine mathematical model by analyzing
input signals (such as step input, frequemcy-sweep imput,
doublet input, etc.) and output state, which are measured from
real dynamic system. Test data is also used to validate the
model, usable models must have the same or similar behavior
to a real dynamic system There are so many system
identification methods that were adopted in a present time e.g.
linear regression, prediction-emror method and least squares efc
[31.
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Software package Comprehensive Identification from
Frequency Response (CIFER) which is developed by Mark B.
Tischler et al. CIFER contains system identification tools, e.g.
FRESPID, COMPOSITE and NAVFIT etc, for analyzing test
data and acquiring dynamic models in ransfer function or state
space form [4]. System 1dentification has been used
successfully in order to obtain dynamic model of quadcopter
UAVs. [2], [5] and [6] are examples of system identification
experiment that mmplemented with quadcopter using CIFER to
determme models. Furthermore, CIFER was also applied with
many low cost fixed wing UAVs to determme & ic models
threugh system identification as well such as [1] and [7].

In this paper, F¥450 Firefly quadcopter was selected as
experimental platform wsing Pixhawk 3 Pro as a flizht
contreller to present system identification methodelogy. Then
after mathematical models were 1dentified, the dynamic models
that represent roll, pitch and yaw response respectively are
utilized for tuning controller gains of PX4 controller structure
with globally offline optimization techmique. Overview of
FY450 Firefly quadcopter UAV, Pixhawk 3 Pro flight
controller and PX4 autopilot software are described in Section
IL. In section III, frequency response system identification with
CIFER 1s presented. Section IV illustrates optimization results
of controller gain funing via dynamic models and comparison
between flight test responses before and after gain tuning.
Finally, the summary is concluded in Section V.

O. HARDWARE OVERVIEW

A. FY450 Firefly quadcopter and Pixhawk 3 Pro
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Fip.1. F¥450 Firefly quadcopter (top) and Pixhawk 3 Pro flight conmoller
(pottom)

TABLEL FY430 FIREFLY QUADCOPTER PARAMETER
Toa, Lakg Mowr | UFO4I0-850
Propeller 10458 c»ﬂnﬁﬁw Pighawk 3 Pro
Width 4 Height 1l1an
ESC Hl}b‘hﬂ}vﬁix-ﬂ;om Battery I_'_'Pnni;-—hmoﬂ

B. Pixhawk 3 Pre Flight Conmaller

Pixhawk 3 Pro is autopilot flight controller based on project
Pixracer FMU+4, which runs open source software PX4 Flizht
stack with 32-bit STM32F469 CPU[R]. There are 14 PWM
oufput ports that use to eontrol actuators. Impertant sensors for
flying were integrated i this flight controller meluding rate
gyroscope, accelerometer, magnetometer and arometer
Pixhawk 3 Pro can perform autopilot mission with external
GPS. Furthermore, they alse have micro SD card to racord and
storage data along the flights.

C. PX4 Sofhvare

P34 15 an open source sutopilot system that allows pilots to
fly out of sight with autonomous control. During the mission,
fhght data was sent back to show real time for momitoring +i1a
ground station e.g. Qgroundcontrol software. “Multicopter
attitude control™ 15 source code module in PX4 flight stack
which controls both angle (roll pitch and vaw angle) and
angular rate (roll, pitch and yaw rate) by feedback centrol loop
with feed-forward and PID contreller. Roll and pitch anzle
conirol have the same conirel structure, angle emer was
multiplied by angle p-gain (Kp) then become angular rate set-
point. Rate sat-point was converted to actuator contrel by
summation between angular rate error multiphed by PID
controller and rate set-point multplied by feed forward gamn.
For vaw contrel, angular rate set-point is a summation beteen
rate set-point itself and yaw feed forward rate, others points
have the same siructure to rell and pitch. Decouplmg between
axes was assumed, so SISO contrel loops were shovm in the
figures balow.

Fig 4. Quadcopter yaw contrel loop

ITI. SYSTEM IDENTFICATION

For this expeniment, frequency-sweep was selected as mput
signal to excits the quadcopter during hover, in stabilize flhight
made, in order to get dynamic response mdividually betmesn
longitudinal, lateral and directional axes due to decoupling
assuming. Frequency-sweep signal 15 very flexible and useful
due to charactenstic of signal that can collect data in various
rangs of frequency from low to high Computer-generated
sweep was programmed into Pixhawk 3 Pro by addmg these
equations from [4] as shown below m actwater control
parameter.

Ggpeey = Asin(wt) (0
Thec
Bit) = J‘ w(t)de 2
b
W =ty + Koy = Gps) (3
K = Cylexp(Cit/Te) = 1] “
€y =4 Ang C.=0.0187 (5)

Time-lustory data that got from several fhight tests was
analyzed in CIFER software, which deseribe in section 1, SISO
frequency response was computed through FRESPID module
(Frequenecy Response Identificatton) with varous length of
spectral windows by using chimp-z transform. Next, SISO
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fraquency responses were sent to COMPOSITE medule
(Multiple Window Averaging) for optimizing multiple spectral
windows te achieve final frequency response with high
accuracy. In order to ebtain dynamic models m low order
transfer function form, frequency responmse data was sent to
analyze with NAVFIT medule (Low-order Transfer Funetion
Fitting). Accordmg to [4]), good identified model can be

verified through eost funetion (7).
20 oF _ 2 P
1= w, [ (17— 171)" + Wy (T, - 27
w o

If T = 100, identified models are acceptable and if T = 50
models are i excellent accuracy, models” behavior should be
the same as the real dynamic systems [4].

Furthermors, coherence function is weighting function can
be used to determmne an aceuracy of the models. Coherence
function can be expressed as a funetion of output moise to
signal ratio, range are between 0-1. If coherence 1s equal or
mare than 0.6, frequency response accuracy 1s acceptable. So
both cost and coherence fimetion must pass the qualified in
order to ebtain efficient model [4].

The table below will show detail about frequency range and
sweep amplitude.

TABLED FREQUENCY-SWEEP INPUT DETAIL
Mimimum Mazimum .
Frequency Frequency Amplitude | Todsec)
Rell 04Hz 5Hz 0.06 10
Firch 04Hz 5Hz (15 10
Yawr 04Hz 5Hz [ 10

A. Fregusney-sveep input

Since decoupling axes were assumed, quadcopter’s lateral,
longitudmal and dirsctional axes were excited by frequency-
sweep mput (nereasing slhightly from low to high frequency)
respectively in order to achieve roll, pitch and vaw responss by
getting flight test data between deflection command (input) and
angular rate {output).

s

Pl et

Tima 1

Fig.5. Rall frequency-smesp input

Frch ond
=
¥
1.

Tima (s

Fig 4. Pitch frequency-sweep mput

Yarw ot

' Timm ia]
Fig.7. Yaw frequency-sweep inpuat

B. Lew arder transfer fimetion

After Time-history data that recorded m 5D card from
three axes were sent and analyzed through CIFER, low-order
transfer funetions were computed v1a NAVFIT. Cost functions
were calculated as well in order to verify models® accuracy.

» Roll response has frequency range 0.8 —4.5 Hz.
7 _ 130.0525¢ ~0.0258
Biar (s) = 5% 43.91128x107 754750875

J=20.073

(rad/s)/(%4lat)

558

+ Pitch response has frequency range 0.8 — 4.5 Hz.
O (5) = BT T )ilon)
Elon £242.51263
T=38403

s Yaw response has frequency range 1 — 3.2 H=.
r _ 10744
Bair £418.3322

(radis)(Fedir)

J=73.518

Accordmg to thess ransfar function, for roll and yaw cost
function are acceptable (J = 100). For pitch, cost are in
excellent accuracy (J=50).
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C. Frequency response
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Figz 10. Directional frequency respomsa

According to Fig 10 = 12, for roll and pitch response has
zood coherence (more than 0.6) at frequency range 0.8 = 4.3
Hz For yaw, good coherenceisat 1 - 3.2 Hz.

D. Modsl verification

The following figures below will show comparison
between flight test responses and identified moedel responses
after excited real systems and models with the same mput

signal.

Kt Mol
Fixght Dt

Rk Rt (racs)

T (s}

Fig 11, Rollresponse

Vet Mosel
Fiight D
E.
Tima sl
Fig.12. Pirch response
Kiemiied Mol
Fiight Daa

g
i
Time (s} :
Fig.13. Yaw response
IV. OPTIMIZATION RESULT
MATLAB  software  provides Simmlink  Design

Optimization toclbox for PID controller gain tuning via SIS0
transfer functions, which achieved from section IIT, in order to
satisfy efficient flymg performance. The following table wall
present controlled requirement for roll, pitch and yaw response
imdividually. Each gain values must be reasonable, non-optimal
gain will cause quadcopter uncontrollable and might crash in
the worst case scenarios.

TABLE IIT. CONTROLLED REQUIREMENT
Setiling fime (3) | Rise Time (3) | $oOvershoot
ol 135 T 3
Tiech 1 [ 2
Yo 3 k] 3

The figure below has shown an example of tuning
constraint.

Fig.14. Roll nming constraint
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If reasonable requirements were applied, after several
iterations occumred, response would converge mto white area
as shown above to satisfy required controller. Tuned PID
gains were overwrtten inside Pixhawk 3 Pro wia ground
station software, Qgroundcontrol.

TABLETV.
K, K K
Roll | Q18 | 00787 ( Q.003 )
Diech | 01603 | 00472 | 0003 n
Yaw | 025 | 00798 o Ly

PID GADY TUNING RESULT

optimization me (s)

Fiiget Dats
Satpoint

Feoll Angle (D)

T (5]
Fig.15. Roll response without optimized nming
From figure above, without proper tuning quadcopter’s
response was not good. Emor and overshoot were occurred

significantly. Figures belew will show flight test respemses
with model-based optimized gain funing.

Fighi e |

Separ;
z |
E !
& "
W
:rl—u L]
Fig 16. Roll response
Fight Dats
Setzaet

Pt Angle (Deg)

Tirve i}

Fiz.17. Pirch respomse

Fight Dt

Viaw Agiha {Dag]

Time (8]
Fig. 15, Yaw response

From fig. 17 = 19, quadcopter’s response can track all
three set points. Even though small overshoot and emror still
occurred but can be accepted because it 1s not effect flying
quality, quadcopter is still controllable and easy to handle.
Model-based tuning will save a lot of time instead of
performing manual trial & error that will cost amount of time
and may lead quadcopter to an accident.

V. CoNcLUSION AND FUTURE WORK

This paper demonstrated system identification techmigue
with CIFER and achieved dynamics models to represent roll,
pitch and yaw responses. Then optimized PID gain tuning wers
done by MATLAB Design Optimization toolbox. With these
optimized gams, quadcoptor UAV could frack set pomt
successfully and flew efficiently.

For further development, determinmg model in state-space
form 1s a good option due to its flexibility. According to axes
coupling in quadcopter. modem control can be develop as well
in order to get better control performance and acquire better
flymg quality.
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This paper presents the design a fixed-wing Vertical Take-off and Landing (VTOL) UAV
with tiltretor for the transition to forward flight. With fixed-wing VTOL aircraft can achieve
longer flight time and range and able take-offfland at any terrain without rumways. The design
of the fived-wing VTOL UAV will consist of four motors similar to a quadcopter after take-
off to a certain altitude the front two the motors will slowly tilt to almost 90 degrees for
forwarding flight. The focus is on the study of the manoeuvre flight characteristics, such as
the roll, pitch, yaw and elevation control input and output of the fixed-wing VIOL TUAY.
MATLAE and Simulink will be used to develop a control syvstem by using the equation of
motion (EOM). This paper also gives a better understanding of how the fived-wing VTOL
TAV works, how it transits from quad mede to a wing-borne forward flight mode while
utilising the tilt rotors.

Keywords— Fixed-wing Vertical Take Off & Landing (VIOL) UAV, Autonomous Aerial
WVehicle Challenge (AAVC).

I. Imtroduction

In 2018, a team of joint UGS-SIT-TUM students developed a VIOL UAV with tiltrotor for the AAVC
competition held by Chiangmai University, Thailand. The overview of the VT OL UAV used in the competition shown
in Figure 1. This work aims to design and construct a fixed-wing aircraft that has VIOL capabilities coupled with a
tilt rotor mechamism which enables it to be deploved quickly. It exploits the effectiveness of a helicopter while

retaining the ability of an aircraft m flight.
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Fiz. 1 Overview of the VTOL UAV with Tiltrotor

The objective is to complete a SAR mission in this Autonomous Aerial Vehicle Challenge (AAVC) 2018. The
UAV must be able to carry one payload (1 kilogram), drop it on a target that evaluates the accuracy and precision of
the drone, through autonomous mode or First-Person View (FPV) mode while flying manually. A dummy patient will
be placed in the vicinity of the target to simulate the delivery of medical supplies to a wounded soldier and the SAR
UAV must be able to identify and note any physical injury (laceration, dislocation tc.) on the patient.

Hence the current study/project 1s based on this platform to fulfil this industry needs and shortcomings. The
concept of the VTOL Drone is the same, regardless of the size difference. The VTOL Drone can transit from a multi-
copter to fixed wing autonomously via a fly-by-wire system controlled with either a simple computer programme or
a flick of a switch on the Radio Controller. This enables the VTOL Drone to take off like a helicopter and fly like a
plane when in cruise or transit to speed up its process of flight. This also eliminates the need for a nmway as take-off
can be done in 2 small constraint space. i.. access to accident sites due to blockage of traffic.

II.  Design Concept

All The conceptual idea was to utilise an existing glider design and improve on it. The Volantex design of an
xisting platform was taken and modified to be able to not only carry a payload but also transit to a fixed wing which
would help it in the long haul and improve on its flight range and endurance.

The main tilt rotor system which enables the switch from a Quadcopter to a fixed wing is powered by individual
servos. In particular, the tilt rotor system is applied to the front two rotors only for the first stage of study. Subsequent
studies will investigate the probability of having the rear rotors also simultaneously tilting to generate thrust to speed
up the flight and transit. In turn this provides a maximum of 80° Degree tilt movement which enables the VT OL to
transform to a complete fixed wing. An independent servo powers each motor to prevent a full failure of the tilt motion.
The servos achieve synchronised tilt through a Power distribution board embedded within the drone systems. The
Mainframe, PIXHAWK will control the systems onboard along with the electrical distribution.

The 3D views of fixed wing with quad rotors drone are represented in the figure below.
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III.  Mission Capabilities

Having a tilt rotor capabality unlocks multiple potential in its deployment. One of such potential gains is to achieve
a better endurance as well as a longer range when executing missions such as search and rescue or even reconnaissance
missions which normally require a big endurance in flight time or long-range flight.

Since the mission objective was to search and drop supplies for the injured in a catastrophic environment. Our
drone was designed to fulfil that objective. From deployment, the drone will perform a direct launch vertically if
taking off from constraint space or even a diagonal launch towards its intended path if space permits. This eliminates
the need for a unway, mimicking the aspect of a helicopter. From which. the drone will transit from a quadcopter to
a fixed wing propeller aireraft. This can be done in altitude gain or when the altitode is successfully achieved. All this
1s done while accounting for drnft compensation caused by the wind or other disturbances. After establishing contact
with the site, the drone will hover in place with dnft compensation while it drops its payload of supplies. Keeping in
mind that the Centre of gravity (CG) point remains unchanged. This precise hover will ensure an accurate location
drop since the location site is catastrophic and chaotic.

A payload system is mounted below the drome to earry out the supply drop mission. This subsystem has two arms
for deployment for two supply drops. The payload system is also controlled by the PIXHAWE. made possible by the
Power Distribution Board, PDB. Servos make up each deployment arm to reduce the risk of total system failure. In
which case, should one deplovment arm malfimetions, the other deployment arm will still be able to operate without
canse. Orverall, the payload system also caters for space to carry an additional fuel load. This additional fuel load cones
in the form of a battery pack which further prolongs its battery life and consequently extends the Drone flight time.

IV. Flight Mechanics Modelling

As from the mnovative design based on the mixed confisurations between fixed wing plane and quad rotors, the
flight mechanic of this model needed to be developed including flight dynamic models (equation of motion) of both
foree and moment equations. The diagrams of this model, shown n figure 2 and 3, relatively support derived equations
(1) to (6) in which the coordinate system of %, y and z-axes are applied as North-West-Down respectively. Note that
the centre of pravity is assumed to be located at the mtersection of the diagomal lines of both pairs of quad roters such
that the nunor in can be ignored and it reduces ime consumption in equation of motion (EOM) estimation.
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1. Linear equations

X-axis:
F, =Ty, sina; + Tpy sina, — Ny sind,y; — Nyp sindyy — 2N sin §, — Drag,

y-axis:
F, = Ny — Drag,
Z-AKIS
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(0

2. Rotation equations

about v-axis (¢ angle) .
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3. Rigid body dynamics equarion
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4. Kinemafic equafion
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Where o prone 304 [og geqr 18fer to length from the centre of gravity to front and rear retor respectively, and 1y and
1 gy Tefer to length from the centre line to the front left and nght rotors respectively while [, and 1, refer to length
from the centre line to the rear left and right rotors respectively.

These all equations above ndicate 18 nen-linear ordinary differential equations (1) te (6) for 18 vanables,
ncluding Imear positions in global coordinates (x,3,2) ; near velocities in body-frame coordinate (u,v,w) ; angular
positions in global coordinates (¢, €] w); and angular velocities m body-frame coordiate (p,g,r) subjected to forces
(Fy, Fy, F:) and moments (M,, M, M:). All non-linear ordinary differential equations are investigated and solved by
utilizing MATLAB and Simmlink software.

5. Coordinates ransformation
The sets of flight dynamics equatiens (1) to (6) for force and moments applied on the Black Wing Tiltroter and
referenced to the Black Wing Tiltrotor, i.e. body cocrdinates. The coordinates and position input are, however, in

global (mertial frame), as well as the wind disturbanee from the emvironment. Therefore, we need the transfer matrices
from global to body axes are below.

The transformation of angular rates i global frame (p,g,r) to body frame (4, é, i) are

M1 0 —sing 1[d
q|= [D cosgr  sindcos8||g (7
T 0 —sing cos¢ cosfl |
And, the transformation of angular rates from body frame back to global frame are
[ 1 singtand cos ¢ tan 8] p
égl=|0 cos —sing ”q] (8)
] 0 singsectdl cosgsect]lr
Translational velocities (%.3,#) m global frame can also be transform to body frame (u,v,w).
u cosfcosih cos @ sin —sinf X
lv] = Isindsinﬂcosw—msqﬁsimp sing sin @ siny + cosgrcos P sin g cos &‘] ¥ (@
w cos ¢ sin@ cos + singsiny  cosgsing siny — singrcosy  cos ¢rosdl [z

The reverse transfer matrices from body back to global eoordinates can be done by imverse equations (7)-(9).

V. Hardwares and Softwares Components

The Volantex 742-5 Phoenix Evolution 1600mm Ghder design of an existing platform was taken and modified.

Individual servos pewer the mam filt retor system which enables the switch from a quad-mode to a fixed wing. In
particular, the Black Wing Tiltroter system will be applied to the front two rotors only for the first stage of the study.
Subsequent studies will investigate the probability of having the rear rotors also simultaneously tilting to generate
thrust to speed up the flight and transit. In turn, this provides a maxinnm of 80° Degres tilt movement which enables
the VTOL to transform to a complete fixed wing. An independent servo powers each motor to prevent a fiull failure
of the tilt motion. The servos achieve synchromized tilt through a Power distnbution board embedded within the drone
systems. The Mainframe, PFINHAWE will control the systems onboard along with the elzetrical distribution.

A. Components in the VIOL with Tiltrotor UAV

The fellowing Table 1 is the equipment used i the process of bulding the VTOL with Black Wing Tiltrotor UAV:
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et Quannty | Descption
Main body frame 1 Volantex 742-5 Phoenix Evolution 1600mm 2600mm 2 m I RC Glider Amplane
&I
Motors - PDS 5215 360KV Brushless DC
Elecoonic  Speed  Coutroller 3 ‘Hobbywing Xrotor Pro 60A
| (ESC)
Flight controller with GPS Dixhawk PX4 Genl
Telemetry 433Mhz (Air) by 3DR robotics
| Propellers (CCW=CW) 4 PDS T-Style 17 inches with 5.5 pitch
Bamery 22.2V, 6 cells Li-Po battery. 10000mAh
Flight Camera Tumigy Eclipse 2k Cam
First person view Camera FXDV0S FPV" Cam
Servo Four servos for primary flight control, two for tlt-rotor and one for payload
system
Carbon Rod 8
Carbon fibre plates 21
Aluminum pieces 5 For structural frame and support
3-D Prnted Joints and 25
Adapters

1.Main Body with Quad Arm Mounted

The main body of the VTOL UAV was constructed by using the Volantex 1680 V6-Wingspan 1720mm platform
and mounted the quad arm with a pair of carbon rod and carbon fiber plate to the wing as shown in Figure 4.

Figure 2 (left): VTOL UAV
Fizure 3 (right): Black Wing Tiltrotors system

2. Black Wing Tiltrotor System

Individual servos power the Black Wing Tiltrotor system which enables the transition from a quad-mode to a wing-
bome flight. With fixed-wing VTOL UAV can achieve longer flight time and range and able take-off/land at any
terrain without mways. The design of the fixed-wing VTOL will consist of four motors similar to a quadcopter after
take-off to a certain altitude the front of the motor will slowly tilt to almost 90 degrees for forwarding flight.

3. Flight Controller System (FCS)

The flight control system is the principal segment that controls the flight attributes and solidness of the VTOL and
encourages in self-sufficient flight. The FCS gets the pilot's information orders and incorporates it with inbuilt sensors,
for example, accelerometers, magnetometers and gyroscopes. These order inputs are prepared into legitimate
information which will be conveyed to singular engines to play out the coveted flight execution.

4. GPS/Compass and Radio Telemetry Kit

The GPS/Compass was used to lock on to the satellites and received the Latitude (LAT) and Longitude (LON) data
for autonomous flight.
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The radio telemetry set is wireless communication between the VIOL UAV and the Ground Control Stations
(GCS). The purpose is to transmit flight data such as roll, pitch and yaw angles, altitude and attitude to the GCS and
the GCS able to transmit data such flight plan to the air station.

o @

Figure 4(left): Pixhawi PX4
Figure 5 (center): GPS Module
Figure 6 (right): 433Mhz Telemetry Set

5. Radio Controller (RC) Transmitter and Receiver

The transmitter is an electronic communication device that transmmts an ultra high-frequency signal wave (900Mhz)
to the receiver. The analogue signal will translate the pilot’s input for the FCS to process

Figure 7 (left): Fr-Sky Taranis QX75
Figure 8 (center left): RO Sim Rx

Figure 9 (center right): PDS 5215 360K\" Brushless DC Front view

Figure 10 (right): PDS 5215 360K\ Brushless DC Side view

6. Motors

Brushless DC electric motors convert electrical energy into mechanical energy. The motor uses current pulses to the
motor winding to generate or control the torque and speed of the moto. The brushless motor was used because the
advantages are lightweight, high power and speed and electronics controls compare to brush motor.

7. Electronic Speed Control (ESC)

The Electronic Speed Control (ESC) is a device that received a signal from the FCS and sends to the motor to controls
the speed for the VIOL UAV flight control such as the roll. pitch, yaw and elevation or hover.

Figure 11 (left): Hobbywing Xrotor Pro 60A
Figure 12 (center): PDS T-style 1755 Propellers
Figure 13 (right): Airspeed Sensor

8. Propellers

The propellers have an foil g y. and when spun fast enough, it will produce thrust. The choice of
ropellers is based on the specifications of the motor. If the motor is “over-propped”, it can damage the motor, but if
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“under propped™, there will be efficiency losses. The propellers used in this project is made from carbon fibre, T-style
by PDS, with a diameter of 17inches and a pitch of 5.5 inches.

9. Airspeed Sensor

The Airspeed sensor is the essential part of the transition from quad mode to wing-bome as it takes a reference to the
airspeed. Therefore. it is critical to making sure the airspeed sensor was calibrated correctly before flying. Once the
airspeed reaches 11m/s, it will automatically transit to wing-bome for faster and low energy consumption flight.

10. First Person View (FPV) System

The FVP system is an onboard camera that has a real-time video feed for the pilot to fly and know where the UAV 1s

heading when the flight is out of sight. This system has been used in the civil or military sector for surveying building
or SAR mission. In Figure 14 shows the FPV video feed send from the air system to the ground station.

Figue 14 (iaf): FP\" system Grownd and Air
Figure 15 (center): Tumnigy Eclipse 2k Cam
Figure 16 (nght): Payload Release Mechanism

11. Flight Camera (Turnigy Eclipse 2K Cam)

A flight camera system was mounted shown in Figure 14 for HD recording purpose in the SAR mission and area
surveying. After the UAV landed, the recorded video would be taken for terrain analysis.

12. Payload System

The payload system mechanism is designed to hold at least one kilograms of payload needed for the SAR mission. A
servo was used for the quick release of the payload.

13. Lithium — Polymer Battery
A lithium polymer (Li-Po) battery is the primary source of electrical energy that supplies to all electronics device in

VTOL UAV. Each Li-Po cells will have 4.2V at a maximmum charge and can go as low as 3.3V before causing damage
to the Li-Po cell. Therefore, for safety reason, it is best to land the UAV at 3.5V

14. Electronics Layout

In Figure 17 shows the overview of the electronics layout for the VTOL UAV with Black Wing Tiltrotor system. The
system was powered by a six cells Li-Po which is 22.2V. Therefore a Universal Battery Elimination Circuit (UBEC)
must be used to regulate the voltage to SV-6V for the pixhawk and other onboard electronics components.

There are two communication between GCS and FCS which uses the radio telemetry, RC transmitter and receiver.
The final product is shown in figure 18.
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Figure 17 (left): Overview of Electronics Layout
Figure 18 (right): Conpleted Black Wing Tiltrotor in flight

VI. Simulink Simulations

The flight dynamics analysis of this Black Wing Tiltrotor is the following. as illustrated in figure 19 below.

Transformation Transformation

Motion cutput
from global to g0 controler Y-shaped V-tail from body to (posiion]
body axes ghobal axes

Wind disturbance
{speed & direction)

Figure 19: Flight dynamics control diagram

Firstly, the operator and/or the flight path planning algorithm gives in the mput to the Black Wing Tiltrotor as in
the desired pitch. yaw, roll and elevation. The output wall be the desired velocities of the Black Wing Tiltrotor in
global (initial) frames. At this stage. the wind disturbance can be fed into the input by direct addition to the freestream.

-17 = Ux + l-l,,g.,, (lo)

Secondly, the desired velocities of the Black Wing Tiltrotor in global (imitial) frames (%.y.Z) in global frame are
transformed into the body frames (1,v,w) of the Black Wing Tiltrotor by means of transformation matrices as indicated
in equation (9) above. This is because the motor executions are with the Black Wing Tiltrotor in this body frame. The
velocities are converted back to yaw:, pitch and roll of the vehicle in body frame.

Thirdly, the PID control is introduced in the model to gains (K[, K; and X,) are tuned initially by Ziegler-Nichols
method then auto-tuned inflight. The control is in terms of yaw, pitch and roll of the Black Wing Tiltrotor in body
frame.

Fourthly, the yaw, pitch and roll input will be converted into the applied forces and moments especially for the
Black Wing Tiltrotor as indicated in equations (1)-(6). The output will also be the thrust and torques of the 4 motors
of the Black Wing Tiltrotor, resulting in movement of the Black Wing Tiltrotor.

Next, the motion of the Black Wing Tiltrotor in terms of velocities in the body frame will be converted to the
global (initial frames) by means of nverse transformation matrices as indicated in-equations (7)-(9). This completes
the flight dynamics of the Black Wing Tiltrotor. If needed. the output can be fed back to the very initial input as the
feedback for path planning (not shown in the diagram).
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Simulink

In this work, Sinmlink (MATLAB R2017b) 1s used to create the appropriate Flight Control Firmware for the Black
Wing Tiltrotor UAV, based on the flight dynamics control block diagram just presented. The results collected from
the Simulink programme were analyzed and used to investigate on the behavior and responses of the Black Wing
Tiltrotor UAV. In this part, block diagrams from the flight control firmware will be shown.

Tiltrotor Svstems: overview and subsvstems

Figure 20 shows the overview the primary system, which consists of the PID controller, Motor subsystem and
Tiltrotor subsystem that built according to equations of motion (1)-(6).

Figure 10: Overview of Black Wing Tiltrotor UAV system block diagram

Figures 21 and 22 show the block diagram for Black Wing Tiltrotor model itself. The major part is the Roll, Pitch,
Yaw, Elevation, Forward and Side-slip motion sub-systems. Figures 23-28 show each of the sub-systems, following
equations (1)-(6). The input signals, consist of the four motors, provide output such as roll. pitch, yaw angle, altitude
and angular rate.
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Figure 2: Black Wing Tiltrotor modsl block diagram
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Figure 3: Black Wing Tiltrotor Boll, Pitch, Yaw, Elevation, Fornard and Side-slip moetion sub-systems block disgrams
Simmlink results

Here, we present the Simulink results. The Tiltrotor 1s assumed to undergo vertical take-off and hover flight with
negligible inertia. drag and frictions in the air, hence we can drop the stiffness and damping factors (k and ¢) in
equations (1) and (2). Subsequently, these neglected k and  factors can be brought back in consideration by means of
later flight test data and post-flight parameter esimation (curve-fiting). Under this take-off, climb and hever
condition, and that, the ramp-up and constant elevation (=) 1s input to the Black Wing Tiltretor as shown in figure 23.

The blue line is the desired input and vellow line is the response. The result from Simulink shows that the Black
Wing Tiltroter has initial delay in response at the start (yellow Line), but this lasts only less than a sacend. Then, during
the transition to hever (altitude held, - elevation is a constant), there is a small overshoot in the respense, but the Black
Wmg Tiltrotor is able to follow the hold command and hover accordingly.

i - | 2

e bawnsasea (a0

Figure 23: The ramp-up and constan: elevation () input (bhue) to simwulats vertical take-off climk and hover condition, and the response (vellow)
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During this vertical climb and hold phase, the Tiltrotor exhibits small pitch and roll responses, during take-off and
transition to hold as shown in figures 24 and 25. The amount of overshoot are at 0.2 radians maximum. During the
rest of the time, the Black Wing Tiltrotor is mostly in level flight (no pitch nor roll) motions.

8- SOF 8 a-bi- F2

Figure 24: The yaw response (yellow) during vertical take-off climb and hover condition.

S f

Figura 25: The roll response (yellow) dunng vertical take-off, climb and hover condition.

During this vertical climb and hold phase, the Tiltrotor exhibits very small (indeed negligible) yaw response as
shown in figure 26. The amount of overshoot is at 0.006 radians maximmm. The non-zero value is due to cumulative
truncation error.

4}

Figure 26: The yaw responsa (yellow) during vertical take-off. climb and hover condition.

Figure 27 shows the 3D trajectory of the Black Wing Tiltrotor during vertical take-off. climb and hover condition.
It travels almost straight line as expected with very small at the order of O(107%) meter drifting sideways only.
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Figure 27: The sinmlated 3D trajectory of the Black Wing Tilrotor during vertical take-off, climb and hover condition.

VII. Field Test of Transition Flights

During 22-24 November 2018, the Black Wing Tiltrator was used to compete in the Autonomous Aerial Vehicle
Challenge 2013 (AAVC) 2018 at Chiangmai University in Chiangmai, Thailand [1]. One of the missions was to fly
1km to the desired location, loiter, and then fly back within a stipulated time of § mmutes. The Black Wing Tiltrotor
completed the total distance of 2kam within 5 mimates. The following link are video clips of its flights:

httpsffvoutn be/ 1 hmECpMSUSe

https:fivoutn.befvnhm Ax(WcBg

https-ivout beA TR TwCEVSw

https-ifvoutm. be/LennT GuOOrw

httpsfyoutn. be/FE-bBEZYO6UL (transition from rotary wing to fixed-wing modes)
https:/fvoutn. be/YHa8eKTIUZY (transition from fixed-wing back to rotary wing modes).

In additicen to the competition, we conducted flight test to see whether thas VTOL Black Wing Tiltroter is able to
do transitional flight from rotary wing to fixed wing modes and vice versa. The flight tests were conductad i the
open-air field, during this Antonomous Aerial Viehicle Challenge (AAWVC) 2013 First, the aircraft took off as in rotary-
wing mode, performed vertical climb to certain altitnde. Then, the aireraft underwent sutomatic transition to fixed-
wing mode and performed forwarded flight. Subsequently, the awcraft performed the backward transition from fixed-
wing to rotary-wing modes for vertical landing. The 3D and 2D trajectory plots shewing two major flight stages,
consisting of take-off, craise and landing, are illustrated in the figures 28 and 29.
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Figurs 25: 3D trajectory plat of Black Wing Tiltrotor in AAVC 2018,
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Figure 29 (left): 2D trajectory plot of Black Wing Tilzotor from Missicn planner.
Figure 30 (nght): Footage of the image taken at target area per AAVC 2018 mission.

As shown m figure 36, the aircraft performed vertical take-off, from the take-off location. Then, it underwent
forward transition from rotary-wing to fixed-wing types and did forward flight. Then, it climbed while flying as fixed-
wing and gamed altitude. Then. it loitered at destination (search area). Then. it performed backsward (reverse) transition
from fixed-wing to rotary-wing and hover at the target location. To achiere better searching, the aircraft descended at
lower altitude, until it could capture images and drop payload as required in AAVC 2018 mission (see figure 30),
under rotary-wing mode. Once the image was taken, the aircraft did another forward transition from rotary wing to
fixed-wing and flew back to the base (take-off location). When reached the base, the aircraft performed another
backward transition from fixed wing to rotary wing modes for vertical landing.

Altogether, this shows the Black Wing Tiltrotor could do forward transition from rotary wing to fixed wing modes,
for vertical take-off and cruise, as well as backward transition from fixed wing back to rotary wing modes, for hovering
and vertical landing. These transitions can be done back and forth a few times automatically inflight.

VIIL. Conclusions

UGS-SIT-TUM has developed the Black Wing Tiltrotor which aimed for a Search and Rescue (SAR) mission in the
Thailand AAVC 2018. This aireraft has a more complicated dynamics and kinematics than conventional quad-copter
configuration. The flight simulations are created with the current parameter of the Black Wing Tiltrotor to simulate a
mission before using the aircraft for a real flight test is carried out. Eventually, the Black Wing Tiltrotor has performed
a full transition flight and leted the SAR mission for AAVC 2018.
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Wind disturbance control for V-tail Y-shape quadcopter

Shawndy Michael Lee Jin Lun™, Sarul Sakulthong ® and
Sutthiphong Srigrarom®

Abstract— The flight control with wind disturbance predictive

model for the U ity of Glasgow Singapore (UGS) Lynxmotion
Hunter Y-shape V-Tal S00 are presented. The V-Tail has the
capability of high directional manoeuvre by the tlted (angled) hind
rotors arms. However, the drawbacks of this design are that it causes
mstability during strong crosswind and structural instability at the
rear. As such, the development of a new flight coatrol system with
wind correction 1s required 1o assist i making this platform stable.
The previous phase of this work was 10 understand the needs and
obgectives of this project, source for the nght configuration and
constructing of the V-Tail for the mv of its flight beh:
The subsequent phase was to recreate a flight control firmware using
Simulink with analysis and discuss the simulation results. The
current phase is 1o integrate the wind correcton model. With the new
developed wind disturbance control, the model can be flown oa
course despite strong wind. This can be used for future research into
tiltrotor iniatives or even use it 10 recreate a robust location
comection m auto mode without the use of GPS localization.

Keywords— V-ail Y-shape quad . wind dsturbs

coatrol, Unmanned Aenal Vehicle (UAV).

I. INTRODUCTION

IN this work, we develop a robust flight control system for
Y-shaped V-tail quadcopter. Dryden model is used to
model wind gusts acting on the vehicle and these disturbances
are included in the dynamic model of the vehicle, by means of
simple addition to stream velocities. Thus, acrodynamic
disturbances are inherently integrated into the system model.
The gain of the closed-loop control is adjusted by means of
auto-tuning from actual flight tests. As a result, a lincar
dynamical model with nominal p rs has been obtained
PID type coatrollers are employed to achicve robust
hovering. This proposed approach is verified by simulations
and experiments. and its performance has been found quite
satisfactory.

1. UGS V-TAIL(Y4) UAV

In 2017, a group of 5 UGS researchers had developed a
V-Tail surveillance quad-copter UAV. The uniqueness of the
quad-copter UAV_ lies in the ability of increased yaw
manocuvrability from the rear motor pairs to achieve a better
yaw input and speed as compared to a conventional
multi-rotor UAV. This development enabled the UAV to

'Anthor is a PhD student at Singapore Ul y of Technology and
Design (SUTD), Singapore (email: Jee93 6 gmail com)

Anthor is 2 Master student at S University of Technology (SUT),
Nakorn Ratchasima, Thailand (email: sarul s@ hotmail com)

*Author is an i € in system at Singapore

Institate of Technology -University of Glisgow Singag
(e«maik: spot.srigraromil ghispow.ac uk)

(SITUGS)

perform various flight manocuvres during waypoint tracking
mission in the recent Thailand Aeronautical University UAS
Challenge (AUUC) 2017 [1].

Fagare 1: UGS V.Tail surveillance quad-copter UAV

Figure 2: VaTail Top View

The distinct feature of this UAV is its V-Tail. The rear of the
UAV is fitted with a structure that has two arms tilted at an
angle. This defers from the usual lateral-levelled motor arms,
which only produced onc thrust component. With this new
V-Tail, the rear motors produce two more additional thrust
vectors (Green and Blue). This in turn gives the UAV more
manocuvrability from its V-Tail which enhances the flight
characteristics. In this case, increased yaw performance due
to the presence of the horizontal component {Blue).

The basic structure of this platform is a Tri-copter (Y). The
benefits of this design are that it is universal as the rear arm is
modular which allows the user o make changes to the V-Tail
for improvements.

I

Fagure 3: VaTail UAV Back View (On Ground)
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Figure 4: VeTail UAV Back View (Airborne)

Figure 5 shows the overview of the system layout of the
V-Tail UAV. The signal input to the on-board X8R receiver
transmits from the RC transmitter via a 2.4GHz

Control, Artificial Inteligence, and Robotics (ICA-SYMP)

Flight Controller Board FCB (Pixhawk) these values shown
below were extracted from the data logs during testing.
Maximum Take-Off Weight (MTOW) was tested by adding
additional payload for a takeoff. Max endu and range
are tested by allowing a fully-charged V-Tail to cruise in a
specified flight path. These tests were conducted twice to
thrice in manual and auto flight. the following are the average
values from the tests.

commaunication link. The receiver sends the input control data
to the FCB for processing. In the construction of this UAV
prototype, the default Flight Control firmware for this
configuration was not entirely compatible with this V-Tail.

e |
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Figure 5: V.Tail System Layout

The following Table 1 states the list of components that were
used in the construction of this V-Tail (Y4) UAV:

Table 1: Compoaents were used in the construction of this V-Tail (Y4) UAV:
[(lems | Quanity | Descrips

Flight Controller o1 Pixbawk and GPS by

Board with GPS 3DR (configured and
calibeated via Mission
Planner)

Electronic Speed 04 30Amp Lynxmation

Coatroller (ESCs)

GemPFan Propellerss | 04 Composite Nyloa,

(COW+CW) 8/10inches with 4.5 pitch |

Frame (Lynxmotion ) Carbon Fibee board
(designed, cut and
impocted)

Universal Bastery ol 3DR

Eliminator Circuit

Telemetry ot 3DR 4330MHz (Axbome)
T

Battery ol 11V, 3eells Li-Po
battery, S000mAh

Servo ol 9g Digital Servo for
Payload delivery

During the initial tests, the V-Tail UAV has 375-400g battery
wis stra onto the V-Tail which amounted the total
weight of the UAV to 1.8kg. The flight data was recorded by

Table 2: Weight and performanceof VaTail (Y4) UAV:

Maxsmum Take-Off Weight (MTOW) 25kg

Max Endurance 25mins

Hover (Flight) Duration 20mins

irck Max Range 1 Skm
Max Forward Speed Smls
[Cruising Speed S

Initial flight dynamics of this Y-shaped V-tail quadcopter was

reported in [2]. Here is the excerpt of this analysis
1. EQUATIONS OF MOTIONS

Motor Equations

Electrical Equation
Vin ® Lyl + K Q+ Ryl )
where Vi = Input Voltage
K. = Back EMF
I = Rate of Change of Current (AJs)
1 = Current (A)
£ = Angular velocity of Motor

Mechanical Equation
Jm2= Kyl = KQ 2)
where J,, = Motor Inertia (kgm®)
K =Damping
K1 =Torque due to current

Thrust Equation
T = CrpnD* (3)
where: T = Thrust (N)
Cy = Cocfficient of Thrust
p = Air Density (kg/m®)
n = Revolution/See = ——
D = Diameter of props (m)

Flight Dynamics for V-tail

In this study. the UGS V-Tail (Y4) UAV is an unconventional
build @5 compared to the usual Tricopters (Y3) and
Quad-copters (X4 or +4). Hence. in order to recreate an
appropriate flight control firmware on Simulink, there is a
need to understand the fundamental equations that governs
this V-Tail UAV’s flight ch: istics. The equations below
acts as the foundation for this self-programmed (Simulink)
firmware. For small 6,9, wangles, cos @~ 1, cos ¢~ 1 and cos
w1

196




157

2018 Firet Inberrational Symposium an Instrumentation, Conteal, Arlificial Intelligence, and Robatics (ICA-SYMP)

Forces and moments

EMy = (Fey + Fezllecs cos 6 = (Fy +
Fra)lg cosa Igrg cos8 + cB + k6 (4)

Igrg : Length of the front arm to the CG

Igre  Length of the V-Tail to the CG

@ : Angle of clevation of the W-Tail from the vertical
& : Pitch angle

Rall:

E”x = ra'ﬁ'
LMy m (Fez = Fpy )l cos ¢ =+ (Fgz = Fpy Mg cosacos ¢ +
(Fgp = Fgy)Hy cosa & cp + kgp

Lgy : Distance of the front arm to the CG
H, :Height of the V-Tail motors to the CG
¢ : Roll angle

W TopView

IM, m g
LMy = (Fgy = Fgz)lpeg cos i sina + cy
Z - axis pointing down
i Yaw angle

Elevation :
Wartcs
Forpereiol
rwar forons fram
IS
- _?.Lb Corgonericl
Tpvew
Y F = mi
EFI = (Fgy * FIZHREC cosa + (Fpy + Fm]fmc {n

m : Total weight

Kinematic Equations of 6-IM)F (Translational)

Fp = mgsing = miz + qw = rv) (8)
Fy + mg cos 8 sin ¢ = m(v + ru— pw) {9
F, + mg cos & cos ¢ = m(W + pr—gqu) {10}

where Fy, Fyand F; arc forces in body frames

Kinematics Equations of 6-DOF {Rotational)

My = Lyp = lgt 4 (I = by Jar = Lapq {11}
M= L g+ (g =1 pr # L =1%) (12}
My m =+ I+ U;-'y_ .n'} + g qr (13)

where My, M, and M, are moments in body frames.
Coordinates transformation

The coordinates and position input are in global (inertial
5) frame), however the actual force and moments applied on the
V-tail are in body frame, the transfer matrices from global to

body axes and vice versa used below.
The transformation of angular rates in global frame (p.g.r)

o body frame [E‘,‘-&,iv} are
1 0 -sinf [@
H = [ﬂ cosf sinl;ﬂcnss] g (14
r 0 =sin® cos@cosfl|gp

And, the transformation of angular rates from body frame

back to global frame are
@

1 sin@tand cosiand) P
gm0 cosd —singd | |q (15)
@ 0 sinfsecd cos@secd | Lr

Translational welocities (% 7 #) in global frame can also be
) tramsform to body frame (e, v,w).

u
:
cosficasgy cosfsing —sind i
sm@sing — corfring  simdsindsing + cosdoosg shl&\n:ﬁ'";]
. . K

o oo g — sinfcorp cosOoosd)
(16}
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Wind disturbance consideration

The  basic tasks for an  automomously  flying
quadrotorfhelicopeer is to hover or move in space to desired
position despite the external disturbances. In most cases, such
disturbances are by the wind.

Several rescarchers have addressed this. For position hold
Hoffmann et al. [3] use thrust vectoring with PID structure for
quadrotors. This requires extra power to supply the thrust
vectoring. In the work of Meister et al. [4]. a sensor fusion
algorithm for stable attitude and position estimation using
GPS. IMU and compass modules together, is presented, and
the control algorithms for position hold and waypoint
tracking are developed. This also requires further sensors.
Hoffmann et al. [3] develop an aunionomous irajectory
tracking algorithm through cluttered environments and a
novel algorithm for dynamic trajectory gencration. This
requires extensive computation onboard.

Here we meat the wind disturbance as another velocity
fluctuations and imtroduce closed loop control. This requires
no cxira  thrust  wvectoring,  additional  sensors  or
computationally expensive comecting control  algorithm.
Using the proposed algorithm, the vehicle is able o keep
positions above given destinations as well as to nawvigate
between waypoints while minimizing trajectory errors.

IV. CONTROL [NAGRAM

The flight dynamics analysis of this Y-shape V-ail
quadcopter is the following, as illustrated in figure 6 below.

] ——
JErp— ! -

Figure 6: Fight .d-;rm;amics contral diagram

Firstly, the operator andfor the flight path planning algorithm
gives in the input to the V-tail as in the desired pith. yaw, roll
and elevation. The output will be the desired velocities of the
Vail in global (initial) frames. At this stage, the wind
disturbance can be fed into the input by direct addition to the
freestream.

T om T, + 8 yna {17

Secondly, the desired velocities of the V-tail in global {initial)
frames (% ¥ £} in global frame are transformed into the body
frames (w,vw) of the V-tail by means of transformation
matrices as indicated in equation (24) above. This is bocause
the motor executions are with the V-ail in this body frame.
The velocities are converted back to yaw, pitch and roll of the
wehicle in body frame.

Thirdly, the PID contrel is introduced in the model to gains
(Kp, K and Kj) are tuned initially by Ziegler-Michols method

then auto-tuned inflight. The control is in terms of yaw, piich
and roll of the V-ail in body frame.

Fourthly, the yaw, pitch and roll input will be converted into
the applied forces and moments especially for the V-tail as
indicated in equations (4)-(7). The output will also be the
thrust and torques of the 4 motors of the V-tail, resulting in
movement of the V-iail.

Mext, the motion of the V-tail in terms of velocities in the
body frame will be convened o the global (initial frames) by
means of inverse transformation matrices as indicated in
equations (14)-(16). This completes the flight dynamics of the
V-tail If needed, the output can be fed back to the very initial
input as the fecdback for path planning (not shown in the
diagramy}.

Simulink

In this work, Simulink is used to create the appropriate Flight
Control Firmware for the V-Tail UAV, based on the flight
dynamics control block dingram just presented. The results
collected from the Simulink programme were analyzed and
wsed to investigate on the behavior and responses of the
V-Tail UAV. In this part, block diagrams from the flight
contro] firmware will be shown.

verview af the Flight Control firmware Block Diagram

Figure T: Overview af V-Tail UAV Firmware Block Diagram (MATLAR
R201Th Simvalink)

Figure 7 shows an overview of the entire Flight Control
System firmware, with inclusion of wind distorbance model.
This follows closely the flight dynamics control block
diagram presented in the previous section. It consists of an
input signal block to simulate a transmitter input, two
convertors, 4 PID controller and the flight characteristics
{EOMs) of the V-Tail UAV in the *V-Tail" subsystem. The
flight characteristics of the V-Tail UAV consist of the roll,
pitch, yaw and elevation of the system.

PID Coniroiler

Figure 8 shows a standard PID mode] that was modelled in
Simulink. The PID controller model comprises of a
FProportional (K,), an Integral (K7} and a Derivative Gain
clement. hence the name PID. These are commonly used in
mst contrel  systems  requiring  feedback  contrel. By
understanding the effects of each parameter, the PID
controller gain  values were initially coarse-tuned  and
fine-tuned 1o obtain an ideal response with respect to an input
signal for the three rotations.
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Figure 8: Standand employment of FID Contraller Model for Pich,

Roll & Yaw
Table 3: V-Tail Flight Comtrol Firmware PID Gain Values
&, Ky Ky
Elevatiaon [ 4 100
Piich ] 164 873
Yaw 3 5 2
Rall ] 50 1]

VTl Block Diagram

o

=

Figure 10: Overview of VaTail Block Dragrams foe forces io roll, piich,
yaw and elevations

Figures % and 10 V-Tail Block Diagrams from forces of the
UGS V-Tail UAV. It comprises of the motor subsystems and
the V-Tail subsystem which produce moments for rotational
motion (Pitch, Roll, Yaw and forces for translational motion

such as position in y-axis, position in y-axis and position in
z-axis (Elevation).

Muoror subgystem

The metor subsystem is employed for all on-board motors.
The yellow rectangle shows the model for the electrical
equations of the motor (11-(2) while the blue rectangle shows
the model for the mechanical eguation. And the green box
consists of the mode] for the thrust equation. The model in the
yellow rectangle converts the input voltage into current using
the electrical equation. This current is fed into the blue
rectangle which converts it into angular velocity. The output
from the mechanical equation, Revolutions Per Second
(RPS), is then multiplied with the thrust equation (3) to obtain
the output thrust.

Figure 11: Moior Slﬁay;t;em and iis components
V-Tenil subsysrent

The V-Tail subsystem holds four other subsysiems (Pitch,
Rall, Yaw and Elevation), cach of the subsystem is built in
accordance with their individual equation of motion. The
respective motor thrust values are fed to these subsystems and
they produce two kinds of output: angles and angular rates.
The angles provide the results to the amount of rotation the
W-Tail UAV is subjected to, with respect to the (transmitter)
input from the user. The angular rates are used as a form of
feedback known as rate feedback to the PID controller. A rate
feedback benefits the system by improving the system
damping.

Pitch Subsystem

The Pitch subsystem is used to derive the Pitch angle (4) and
Pitch Rate wsing equation (4).

._.'-:,_ [iad
£ - ! a'=|
A1 O e S .J'::__‘;:"‘..f
B = =, =
»r8 <t

Figure 12: Piich Subsysiem
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Roll Subsystem

With reference to equation 3, the Roll subsystem is derived
and used to obtain the Roll angle (¢) and Roll rate.

I’J:EJ
— Lg.
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=t =} <} T
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Figure 13: Roll Subsystem
Yaw Subsystem
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Figure 14: Yaw Subsystem

The Yaw subsystem is used to derive the Yaw angle (') and
Yaw Rate using equation 6.

Elevation Subsystem
—
4 _;]
P w0 |
oo o T =
=2l SN
D :!:'7' ;} v —‘@" . '

Figure 15: Elevaticn Subsystem
The Elevation subsystem uses equation 7 to derive the
Elevation and its Elevation rate used to control the altitude
(hover), in terms of meters (m).
Transfer from global 10 body axes and vice versa

The transfer of both linear and angular velogities from global
to body axes follow equations (14){(16).

Control, Artificial Intelligence, and Robolics (ICA-SYMP)
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Figure 16: Transfer from global to bady axes
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Figure 17: Transfer from body to global axes

V. WIND DISTURBANCE CORRECTION

In order to comrect wind disturbance that effects the
movement of the V-tail, wind model must be known which
would take very long time of calculation or experiment.
Therefore, we perform simple close-loop wind disturbance
correction estimation, in equation 18.
Us corrected = ”w(ua +Viinay — Ky Gw) (18)

G, is observer and H,, is estimated wind model. State
observer is used by measuring velocity output of V-tail after

effected by wind gust, then subtracted to velocity input as
shown in figure 18.

[‘i—_*_J' <
| "
e

Figure 18: Wind disturbance close loop control

}

Refer to equation 18, the gains values of G, =1k, =1000,

H,, =10 and 25 are obtained from the previous actual flight
test data [2]. Hence, these are the values that could make
V-tail stable.
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VI. RESULTS AND DISCUSSION

Physical flight test [2] was conducted to compare with the
simulation results to test the accuracy of the two different
firmware. The Pitch and Roll showed idealistic responses
while the Yaw and Elevation had slightly lower stability as
compared to the other two. Prior to the development of this
Simulink firmware, the following assumptions arc made:
¢ Conventional acrodynamics axes used
e  Negligible Anti-Torque
o Point Load (i.c. model mass acting on the CG)
e Negligible disturbance (ie. ground effects like
downwash, side-slips and vortices)
e  Idecal condition (i.e. constant air density, temperature
and no EMI interferences)
e The following simulation results are based on a
hovering condition at an altitude of Im above mean
sca-level (AMSL).

Here, the V-tail was flown manually without the wind
correction model. The flight tests were split into 2 segments:
line-of-sight (LOS) manual flight and autonomous flight. A
good number of LOS flight trials were done in at the author's
based office in Singapore at the open field, and inside the
Opti-track  (motion-tracking) lab [1]. Whereas the
autonomous flight was only done at Suranaree University of
Technology (SUT), Korat, Thailand as there is a limit to the
allowable airspace that can be flown in Singapore.

The aircraft shown strong sensitivity under wind disturbance
as shown in figure 19 below. The V-tail took off manually.
transited into hover, stabilized. rolled left, pitched forward.
transited from pitch to roll, rolled right and pitched back as
shown in the table.

Pach
Tramation A 1
A

Pach ‘ e

Figure 19: VoTail UAV flight path in Optictrack

mg Sack

Simulink model

We applied the flight dynamics control (Simulink) model just
presented to the V-tail. The initial result for the no wind
condition are shown in figures 20 and 21. We gave input to
the V-tail platform to take off to 10m elevation and hold at
that altitude for 20 second. The Simulink results show this
case accordingly. Besides. due to the geometry of the V-tail.
this requires the V-tail to pitch down to 5 degree, so that, the
tail rotors can rise up. There is short oscillation due to this
PID coatrol.

Figure 20: Elevation mput (blue line) and output (yellow line)

Figure 21: Pitch input (blue line) and oatput (yellow line)

Fgure 22: No yaw mput (hlue kne) and output (yellow kine)

Figure 23: No roll input (blue line) and output (yellow line)
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There is lagging of elevation as expected for PID control.
There is no yaw nor roll during this manuvering as shown
figures 22 and 23

The 3D flight path is shown in figure 24. It shows the V-tail
pitches up, moves back a bit in x-direction. and then, moves
forward in x-direction, as well as gaining altitude
(z-direction).

Zim)
“m & s = w B &

0 -~ % e (L)
o -—" 0
Yim) t 82 s
Figure 24: Simulated VeTail UAV fight path during take-off and forward
motion, under no wind conditicn.

Next, we tested the model by introduce the wind disturby

to the V-tail. The result with side wind condition ( y-direction)
at 10 m/s are shown below. This causes the V-tail to just drift
side way. The 3D flight path is shown in figure 25. The large
drifting response is expected as there is no control nor wind
correction.The pitch, yaw, roll and clevation remain similar to
the previous no wind case.

“1
v
| |
LE)
=4l
5
‘o
4
o
=
2 T —— o
x o p=="v -
m — -
~ &
i " 2 P

Figure 25: Simulaéd V-Tail UAV flight path during take-off and forward
motion, ander 10m/s cross wind, without wind cormection

Next, after close loop coatol to the model as wind eliminator,
the side drift is minimized from 10-20m 0 1-2m, i.c. 10 time
reduction in drifting distance. Therefoge this close loop
control wind correction helps V-tail maintain tajectory and
flight path. This UAV could keep tajectory better against
wind disturbance. The corresponding simulated 3D flight
path is shown in figure 26.
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Figure 26: Simulated VeTail UAV flight path during take-off and forward
motion, under 10mys cross wind, with wind correction

Vil. CONCLUSIONS

This paper presents the improved the flight dynamics control
firmware for the UGS V-Tail UAV with the inclusion of wind
disturbance. The simple closed-loop wind disturbance views
the wind disturbance as another velocity fluctuations and
introduce closed loop control. The gain is adjusted from
actual flight test. With the improved closed-loop control
algorithm, the V-tail demonstrates vertical take-off, and
altitude hold under wind condition.
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